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AEDC-TR-91-26 


PREFACE 


This  Is  Volume  II  of  a  three  volume  report  written  on  a  research  and  development  project 
conducted  by  Analysis  and  Measurement  Sen/Ices  Corporation  (AMS)  for  Arnold  Engineering 
Development  Center  (AEDC).  The  purpose  of  this  project  was  to  develop  equipment  and 
procedures  for  in-situ  response  time  testing  of  thermocouples  using  the  Loop  Current  Step 
Response  (LCSR)  method.  Tbe  principle  of  the  LCSR  method  for  response  time  testing  of 
thennocouples  is  covered  in  Volume  I.  This  volume  (Volume  II)  Is  devoted  to  the  research  data 
in  support  of  the  LCSR  test.  It  also  provides  the  details  of  the  experiments  conducted  to 
establish  the  validity  and  the  accuracy  of  the  LCSR  method.  The  LCSR  test  equipment  that  was 
developed  in  this  project  is  described  In  Volume  III  under  a  separate  cover. 

This  Volume  II  report  contains  four  appendices.  The  most  Important  of  these  is  Appendix 
C  with  the  details  of  a  sunrey  of  the  aerospace  community  for  the  applications  of  the  LCSR 
method. 
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1.  INTRODUCTION 


This  is  Volume  2  of  a  three  volume  report  on  a  research  and  development  project 
successfully  completed  to  develop  equipment  and  procedures  for  measurement  of  the  response 
time  of  thermocoupies  as  instaiied  in  aerospace  processes.  This  volume  provides  samples  of 
the  raw  data  and  analysis  results  obtained  during  the  research  portion  of  Phase  II  of  the  two 
phase  project. 

The  development  documerrted  herein  was  based  on  the  Loop  Current  Step  Response 
(LCSR)  technique  as  described  in  Volumes  1  and  3  of  this  report.  The  data  and  results 
presented  In  this  volume  cover  research  conducted  in  the  foliowing  areas: 

1 .  Laboratory  validation  of  the  LCSR  method  in  water. 

2.  Laboratory  validation  of  the  LCSR  method  In  air. 

3.  Effects  of  fluid  flow  rate  on  response  time  of  thermocouples  in  water. 

4.  Effects  of  fluid  flow  rate  on  response  time  of  thermocouples  in  air. 

5.  Determination  of  optimum  electrical  currarrt  and  heating  times  for  response 
time  testing  of  thermocouples  using  the  LCSR  technique. 

6.  Effects  of  various  extension  wire  lengths  on  LCSR  signals  for  thermocouples 
in  water. 

7.  Effects  of  various  extension  wre  lengths  on  LCSR  signals  for  thermocouples 
in  air. 

8.  Thermocouple  Calibration 

A.  Thermocouple  calibration  repeatability. 

B.  Effects  of  LCSR  testing  on  thermocouple  calibration. 

C.  High  temperature  calibration  of  thermocouples. 

In  addition,  supplemental  testing  was  performed  to  provide  additional  Insight  Into 
thermocouple  characteristics.  Some  examples  are; 
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1 .  LCSR  testing  for  transient  temperature  measurement  inside  nozzie  materials 
used  in  soiid  fuei  rocket  engines. 

2.  LCSR  testing  for  thermocouples  installed  in  supersonic  wind  tunnels. 

3.  LCSR  testing  for  thermocouples  installed  in  subsonic  wind  tunnels. 

4.  Determination  of  Inhomogeneities  in  typical  thermocouples. 

5.  Application  of  noise  analysis  techniques  for  response  time  testing  of 
thermocouples. 

6.  Determination  of  temperature  increases  In  thermocouple  extension  wire 
during  LCSR  testing. 

7.  Repeatability  of  LCSR  results. 

8.  Dynamic  heat  transfer  modeling  of  thermocouples. 

The  majority  of  research  reported  heran  was  conducted  on  typical  type  "E*.  "J",  ”K",  and 
T’  thermocouples  of  various  sizes.  These  thermocouples  were  specified  by  the  Air  Force  as 
the  types  that  are  of  interest  to  Arnold  Engineering  Development  Center  (AEDC).  The  type 
"J"  and  type  "K*  thermocouples  were  specified  as  those  of  primary  interest,  and  type  "E*  and 
type  'T'  were  specified  as  thermocouples  of  secondary  interest.  A  full  listing  of  the 
thermocouples  used  In  the  project  Is  provided  In  Appendix  A.  Appendix  B  provides  the 
source  code  for  a  thermocouple  modeling  program  developed  during  this  project  which  Is 
described  in  detail  in  Section  f  1 .  Appendix  C  is  a  copy  of  a  report  which  was  generated  to 
verify  that  a  need  for  thermocouple  LCSR  exists  for  aerospace  applications. 

It  should  be  pointed  out  that  the  terms  flow  rate,  flow,  fluid  flow,  fluid  flow  rate,  and  flow 
velocity  are  used  in  this  report  interchangeably  to  refer  to  the  velocity  of  liquids  and  gases 
that  were  involved  in  the  experiments  that  we  conducted  during  the  project.  Furthermore,  the 
words  time  constant,  response  time,  and  time  response  are  used  In  this  report 
interchangeably.  The  use  of  the  word  time  constant  in  expressing  the  speed  of  response  of 
a  thermocouple  is  not  intended  to  Imply  that  the  thermocouple  Is  necessarily  a  first  order 
system. 
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2.  BASEUNE  TESTS 


Ihe  thermocouples  selected  for  the  project  were  first  tested  using  the  conventional  plunge 
test  technique  to  Identify  their  time  constants  in  water  and  air  at  reference  flow  rates.  A  listing 
of  the  thermocouples  tested  is  given  in  Table  2.1 .  The  time  constant  results  for  reference 
conditions  in  water  and  air  are  given  In  Tables  2.2  and  2.3.  These  results  were  used  for 
validation  of  the  LCSR  technique  as  discussed  iater  in  this  report.  Basicaily,  the  vaiidation 
invoived  comparing  the  plunge  test  results  with  the  LCSR  results  to  determine  the  validity  and 
accuracy  of  the  LCSR  method  for  providing  the  time  constants  of  thermocouples. 


Typical  plunge  test  transients  obtained  from  actuai  iaboratory  tests  are  provided  fer  each 
of  the  following  cases: 


1 .  An  Ideal  plunge  test  transient  (Figure  2.1 ).  This  data  represents  a  step  trigger 
signal  and  the  corresponding  tfiermocoupie  output  transient.  The  plunge  test 
was  performed  by  heating  the  thermocoupie  in  air  u^ng  a  warm  air  blower  and 
plunging  It  Into  the  test  environment  (room  temperature  water).  The  trigger 
signai,  in  this  case  channel  one  of  the  recording,  identifies  the  beginning  of 
the  test.  The  plunge  test  setup,  shown  in  Figure  2.2,  consisted  of  the  test 
media  (water  bath  or  air  loop),  amplifier,  multimeter,  reference  block,  and  strip 
chart  recorder. 

2.  Typical  plunge  test  transients  for  a  thermocouple  in  water  and  In  air 
(Figures  2.3  and  2.4).  These  figures  are  intended  to  illustrate  that  the 
response  is  strongly  dependant  on  the  condition  which  the  thermocouple  is 
operated.  Rgures  2.3  and  2.4  are  for  a  type  'E'  thermocouple.  Similar  data 
are  shown  in  Figures  2.5  through  2.1 0  for  t]^e  'J”,  "K*,  and  T*  thermocouples. 
Note  that  the  changes  in  translerrt  slope  (present  on  some  of  the  recordings) 
is  due  to  slowing  of  strip  chart  recorder  speed,  and  not  indicative  of  changes 
in  thermocouple  response. 

3.  Typical  plunge  test  transients  for  thermocouples  exposed  to  high  subsonic  air 
flowrates.  (Figures  2.11  and  2.12). 
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TABLE  2.1 

Thermocouple  Plunge  Teel  Listing 


O.D. 


Item# 

laa# 

Tyge 

(mml 

1 

AF#03 

K 

6 

2 

AF#04 

K 

6 

3 

AF#07 

K 

5 

4 

AF#09 

K 

3 

5 

AF#13 

K 

2 

6 

AF#14 

K 

6 

7 

AF#15 

K 

6 

8 

AF#16 

K 

6 

9 

AF#18 

K 

wire 

10 

AF#20 

K 

wire 

11 

AF#22 

K 

wire 

12 

AF#23 

K 

wire 

13 

AF#49 

K 

2 

14 

AF#50 

K 

2 

15 

AF#Z7 

E 

5 

18 

AF#29 

E 

3 

17 

AF#43 

E 

2 

18 

AF#44 

E 

6 

19 

AF#45 

E 

2 

20 

AF#51 

E 

2 

21 

AF#36 

J 

5 

22 

AF#38 

J 

3 

23 

AF#40 

J 

2 

24 

AF#46 

J 

6 

25 

AF#47 

J 

2 

26 

AF#48 

J 

2 

27 

AF#52 

J 

2 
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TABUE  2.2 

Time  Constants  In  Various  Water  Flow  Rates 
(all  times  are  In  seconds) 


Flow  Rate 


Tag# 

DIarrVTvPS 

0.2  m/s 

0.3  m/sec 

0.6  m/s 

1  m/sec 

AF#03 

6mm  K 

1.66 

1.39 

127 

1.15 

AF#04 

6mm  K 

3.40 

3.12 

3.06 

2.74 

AF#07 

5mm  K 

3.33 

2.88 

2.72 

2.69 

AF#09 

3mm  K 

0.91 

0.80 

0.76 

0.74 

AF#  13 

2mm  K 

0.37 

0.29 

0.27 

0.26 

AF#27 

5mm  E 

2.75 

2.10 

2.00 

1.91 

AF#29 

3mm  E 

1.76 

1.51 

1.40 

1.38 

AF#  36 

5mm  J 

2.04 

1.72 

1.43 

1.36 

AF#38 

3mm  J 

2.20 

2.00 

1.90 

1.76 

AF#  40 

2mm  J 

0.51 

0.42 

0.43 

0.42 

AF#  43 

2mm  E 

0.47 

0.38 

0.37 

0.34 

AF#44 

6mm  E 

3.02 

2.21 

2.10 

1.87 

AF#  45 

2mm  E 

0.35 

0.24 

0.24 

0.21 

AF#  46 

6mm  J 

3.07 

2.22 

1.98 

1.84 

AF#  47 

2mm  J 

0.44 

0.35 

0.33 

0.32 

AF#  48 

2mm  J 

0.29 

0.20 

0.19 

0.18 

AF#49 

2mm  K 

0.29 

0.21 

0.19 

0.17 

AF#50 

2mm  K 

0.39 

0.30 

0.29 

0.27 
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TABLE  2.3 

Thermocouple  Plunge  ReeuKe  In  Air 
(all  times  are  In  seconds) 


Flow  Rata 


TCTao# 

O.D./rvDe  4.5  m/s 

9  m/s 

14  m/s 

18  m/s 

AF#4 

6mm  K  63.50 

35.70 

25.15 

23.40 

AF#44 

6mm  E  45.25 

33.00 

23.90 

22.00 

AF#46 

6mm  J  51 .65 

33.90 

24.85 

22.70 

AF#7 

5mm  K  35.00 

23.95 

17.13 

15.95 

AF#  27 

5mm  E  34.45 

24.15 

17.10 

15.45 

AF#36 

5mm  J  34.75 

23.00 

17.50 

15.30 

AF#9 

3mm  K  18.43 

13.35 

10.03 

8.59 

AF#29 

3mm  E  21 .90 

14.39 

10.55 

9.10 

AF#3B 

3mm  J  1 9.^ 

13.14 

9.90 

9.25 

AF#13 

2mm  K  7.15 

4.71 

3.66 

3.37 

AF#40 

2mm  J  5.43 

4.13 

3.20 

2.96 

AF#43 

2mm  E  8.20 

5.26 

3.88 

3.53 

AF#51 

2mm  exp  E  3.64 

1.94 

1.12 

0.98 

AF#S2 

2mm  exp  J  4.03 

2.03 

1.28 

1.13 

AF#18 

wIreK  1.21 

0.36 

0.14 

0.14 

AF#20 

wire  K  0.46 

0.24 

0.16 

0.15 

AF#22 

wire  K  1 .67 

0.71 

0.49 

0.43 

AF#23 

wireK  1.18 

0.71 

0.50 

0.44 

AF#U 

6mm  flex  K 

2.20 

1.60 

AF#15 

6mm  line  K 

1.20 

0.60 

AF#  16 

6mm  flex  K 

2.70 

1.90 

Subsonic  Wind  Tunnel  Data 

TC  Tea  # 

O.D./TvDe 

27  m/sec 

45  m/sec 

54  m/s 

AF#  14 

6mm  K 

1.40 

1.20 

AF#15 

6mm  K 

0.70 

0.40 

AF#  16 

6mm  K 

1.70 

1.10 

AF#40 

2mm  J 

2.45 

2.22 

AF#1S 

wire  K 

0.08 

0.08 

AF#22 

wire  K 

0.40 

0.27 

AF#29 

3mm  E 

8.00 

6.00 
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90  -SPD>  55  M<iai0-4:54  -05  JUN  90  -SPDl  O  Mfl/'S  (P00.0  MS/MM  )  CHI 


Figure  2.1.  Typical  Thermocouple  Plunge  Response 

(CHI -Trigger,  CH2-Thetmocouple  Response). 
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Figure  2.2.  Plunge  Test  Setup. 
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Figure  2.4.  Typical  Plunge  Response  for  Type  "P  Thermocouple  in  Air. 


AEDC-TR-91-26 


imnHHiuiiiiiiUi 


ilOUIKffilliliililiinlirdiliiliiiiWMfflWBM 

nniiiiusxi::::  ::::::::: s: riTlTWinUTnil!  niiiiiiBiafll 


I  iiiiniiiRiii  iiiiiinuniiiiiiiiiiiHiBBiinitiiyHii 

I  Sliilllli  il 

muniHinniriiriuiiiyiiiiiHHiiimniiffl^^MMlBll  inOLill  !ll!ilitil[illlini!ni!llllllitiiltliillil|jl  niji 


HRgliil^iiiliili  iniilililliHiffi 
HBiRillliniiijnj  [IPliininimlRi! 
l8iiiHni^tl!il  lill 

8inniiiiiR!lii!l]inililiiii|jli 

fflHBinRHlIiijljilipIRIliiidi 

linffiiU'JHilinSHiUiUBiiiRiH 


iBii  Hifiiumfiiiniiiflinii 
ifl  ffliynffnjitrniitiin  niiHiiiip 
RIHiffiBHipiSilRniO  BiiiyitUiiflti 

imlifflHMiiaiiBinfltiimmitfflffli 


Gould  Inc. 


Printed  in  U  S.A 


Figure  2.6.  Typical  Plunge  Response  for  Type  "J"  Thermocouple  in  Air. 
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Figure  2.7.  Typical  Plunge  Response  for  Type  “K“  Thermocouple  in  Water, 


Figure  Z8.  Typical  Plunge  Response  for  Type  *K"  Thermocouple  In  Air. 
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W.  Warwick,  R.I.,  U.S.A. 


Figure  2.9.  Typical  Plunge  Response  for  Type  T"  Thermocouple  in  Water. 
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Figure  2.10.  Typical  Plunge  Response  for  Type  T'  Thermocouple  In  Air. 
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2.1  Response  Time  Versus  Fluid  Flow  Characterizations 

All  of  the  thermocouples  tested  In  the  project  exhibited  changing  response  times  as  test 
media  flow  rates  and  conditions  varied.  Numerous  tests  were  subsequently  performed  to 
determine  these  effects  on  thermocouple  response.  One  equation  which  can  be  used  to 
express  the  time  constant  for  temperature  sensors  in  moderate  fluid  flow  (Reynolds  numbers 
ranging  from  1000  to  50,000),  Is  as  follows; 

r  =  C, +  C*U^*  (2.1) 

Where  C,  and  C,  are  constants.  U  is  the  fluid  fiow  rate  and  r  is  the  time  constant. 

To  prove  this  equation  satisfactorily  describes  response  characteristics  for  thermocouples, 
experimental  data  for  various  thermocouples  in  different  flow  rates  were  analyzed  and  the 
constants  C,  and  Cj  determined.  As  an  example,  plunge  test  data  for  thermocouple  AF#29 
taken  in  flow  rates  ranging  from  0.2  to  1  m/sec  in  water  are  shown  in  Table  2.4.  When  the 
corresponding  response  times  are  plotted  vs.  (Figure  2.1.1),  a  linear  least  square  fit  can 
be  applied  and  the  constants  C,  and  Cj,  determined.  In  the  case  of  AF#29,  the  equation 
becomes; 

T  =  1.15  sec  +  (0.19  sec®/m)  (U"^®) 

When  response  time  data  for  a  different  thermocoupie  (AF#09)  is  obtained,  and  the  same 
technique  used  to  develop  the  response  time  equation,  the  result  is  as  shown  In 
Figures  2.1 .2  and  2.1 .3  for  water  and  air.  Once  the  response  time  equation  is  determined  for 
a  thermocouple  or  group  of  thermocouples,  evaluation  of  the  response  of  the  thermocouple 
at  any  flow  rale  may  be  determined  If  all  other  conditions  are  identical.  Note  that  all  data 
used  for  the  fitting  of  equation  (2.1)  were  obtained  with  the  media  temperature  remaining 
relatively  constant. 

Typical  examples  illustrating  how  thermocouple  characteristics  and  test  conditions  may 
or  may  not  affect  response  times  are  shown  for  the  following  cases: 

1 .  Differences  in  test  environment  or  flow  rate  can  cause  large  changes  in 
response  times  (Figure  2.1 .4).  This  represents  time  constant  data  vs.  U'^  for 
the  same  thermocouple  in  both  water  and  air.  As  the  film  heat  transfer 
coefficient  for  a  thermocouple  is  lower  in  air  than  in  water,  subsequent 
response  times  are  correspondingly  slower.  Also,  as  flow  rates  increase,  the 
film  heat  transfer  coefficient  improves  resulting  In  faster  response  times. 
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TABLE  2.4 

Laboratory  Plunge  Teat  Reaulta 
AF#29  In  Water 


Flow  Rate 


Time  Constant  fseel 


0.2  m/s 
0.3  m/s 
0.6  m/s 
1  m/s 


1.76 

1.51 

1.40 

1.36 
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Time  Constant  vs.  Rofw  Rale  ''  -0.6 
AF  #29  In  Water 


DWMQISAOIA 


Flow  Rate  ''-0.6(nVs) 


Figure  2.1 .1.  Time  Constant  Versus  (Flow  Rate)'“ 
for  AF#2g  in  Water. 


Time  Constant  (seconds) 
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Time  Constant  vs.  Flow  Rate  ^-0.6 
AF#09  in  Water 


DWM015A-03A 


Figure  2.1 .2.  Time  Constant  Versus  (Row  Rate)^* 
for  AF#09  in  Water. 
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2.  The  time  constant  of  a  thermocouple  often  depends  on  Its  size.  Table  2.5 
provides  time  constants  of  several  thermocouples  with  va^ing  outside 
diameters  placed  in  a  0.6  m/sec  water  flow  rate.  This  data  is  graphically 
shown  In  Figure  2.1.5,  reflecting  how  thermocouple  size  can  have  a  bearing 
on  response  time.  This  effect  Is  also  emphasized  by  Figures  2.1.6  and  2.1 .7. 
These  figures  represent  data  for  each  size  thermocouple  (for  water  and  air) 
when  they  are  averaged  and  plotted  versus  flow  rate.  These  figures  also 
illustrate  the  effects  of  test  environment  flow  rate  on  thermocouple  response. 

3.  The  particular  type  of  thermocouple  chosen  (E,J,K)  will  not  necessarily  have 
a  significant  affect  on  the  response  time.  This  is  shown  In  Figure  2.1 .0,  which 
shows  the  averaged  response  time  of  each  particular  type  of  thermocouple 
that  was  tested. 
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TABLE  2.5 


Time  Conetante  as  a  Function 
of  Thermocouple  O.D. 

0.6  m/a  Water 


O.D. 

/mml  Time  Conetant  Iseol 


6 

5 

3 

2 


3.06 

2.72 

1.40 

0.24 
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Time  Constant  vs.  Flow  Rate  In  Water 
Various  Size  Thermocouples 


DWM0t5A-06A 


Figure  2.1.6.  Time  Constant  Versus  Flow  Rate  for 
Various  Size  Thermocouples  in  Water. 
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Time  Constant  vs.  Flow  Rate  in  Air 
Various  Size  TTiermocouples 


□WM015A.07A 


Plow  Rate  (nVs) 


Figure  2.1 .7.  Time  Constant  Veraus  Flow  Rate  tor 
Various  Size  Thermocoupies  in  Air. 
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Time  Constant  (seconds) 


Figure  2.1 .8.  Averaged  Thermocouple  Response  Times. 
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3.  LCSR  VAUDAT10N  RESULTS 


To  verify  the  validity  of  the  LCSR  method  for  thermocouples,  laboratory  tests  were  performed 
in  both  water  and  air  environments  and  the  results  compared  to  baseline  plunge  test  results.  The 
equipment  used  tor  the  msyorlty  of  the  research  is  listed  In  Table  3.1  and  shown  In  Figure  3.1 . 
LCSR  validation  testing  was  also  performed  with  the  thermocouple  LCSR  test  system 
manufactured  for  this  project  as  described  in  Volume  3;  the  results  of  this  testing  are  presented 
in  Section  3.5  of  this  volume. 

The  simplified  test  procedure  used  to  generate  LCSR  transients  tor  the  research  project  was 
as  follows: 

1 .  Insert  the  thermocouple  to  be  tested  into  the  test  environment  and  allow  the 
thermocouple  EMF  output  to  reach  steady-state  conditions. 

2.  Apply  the  electrical  current  to  heat  the  thermocouple.  Note  that  the  magnitude 
of  current  and  heating  time  duration  were  varied  during  the  project. 

3.  Terminate  the  heating  current  while  recording  the  thermocouple  EMF  output 
with  the  digital  data  acquisition  system  and  strip  chart  recorder.  The  switching 
from  electric  current  application  to  recording  of  thermocouple  output  Is 
essentially  instantaneous. 

4.  Sample  data  until  steady  state  conditions  are  achieved. 

Data  acquisition  parameters  (sampling  rate,  number  of  points  sampled,  heating  current  and 
heating  time)  were  varied  during  the  research  depending  on  the  response  of  the  particular 
thermocouple  under  test.  B^ically,  the  sampling  rate  is  the  time  Inten/al  per  data  sample,  the 
heating  current  is  the  amount  of  current  applied,  the  heating  time  is  the  duration  of  the  applied 
current  and  the  number  of  points  sampled  determines  how  many  data  points  are  recorded. 
Sampling  rates  ranged  from  about  2  to  50  milliseconds,  the  number  of  points  sampled  ranged 
from  about  1500  to  3000  points,  heating  currents  ranged  from  0.25  to  1.5  amperes,  and  the 
heaflng  limes  varied  from  5  to  15  seconds. 
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TABLE  3.1 

LCSR  Test  Equipment 


Hem  Description 

1 .  LCSR  Test  Instrument  (AMS  ETC-1) 

Strip  Chart  Recorder 
Amplifier/Filter 
Digital  Multimeter 
Computer 
A/D  Converter 

Test  Media  (Rotating  Water  Bath  or  Wind  Tunnel) 


45 


AEDC-TR-91-26 


Figure  3.1.  LCSR  Test  Setup. 
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3.1  LCSH  Data  Averaging 

Due  to  the  themnocouple’s  inherent  nature,  LCSR  transients  often  contain  irreguiarhies 
caused  by  eiectrical  interference,  vibration,  environmentai  temperature  changes  or  other  hindering 
effects.  An  exampie  of  a  typicai  thermocoupie  LCSR  transient  is  shown  in  Figure  3.1 .1 ,  reflecting 
slight  irregularity.  To  compensate  for  these  effects,  an  LCSR  data  averaging  routine  was  used 
during  the  research,  tn  essence,  the  data  for  ten  separate  LCSR  transients  tor  the  same 
thermocouple  were  averaged,  and  the  averaged  data  set  analyzed.  An  example  of  an  averaged 
data  set  Is  shown  in  Figure  3.1 .2,  Indicating  how  ten  separate  data  sets  (similar  to  Figure  3.1 .1 ) 
can  be  averaged  to  obtain  an  acceptable  transient  for  computation  of  the  time  constant.  Note 
that  all  of  the  LCSR  transients  presented  in  this  volume  (unless  otherwise  noted)  are  the  average 
of  ten  separate  sets  for  a  particular  thermocouple.  The  transients  have  also  been  Inverted  for 
ease  of  viewing  end  presentation. 

3.2  Analysis  Techniques 

Once  the  LCSR  data  were  acquired,  several  independent  analysis  methods  were  examined 
(some  of  which  were  available  from  developments  on  RTDs)  to  evaluate  the  time  constants  of 
the  thermocouples.  Table  3.2  is  a  summary  of  35  individual  LCSR  tests  performed  in  both  water 
and  air  with  the  calculated  results  from  three  separate  analysis  programs  CTSFrT,  LST-SQR  and 
XrCA9).  This  data  Is  graphically  represented  for  two  flow  conditions  (0,6  m/s  and  1  m/s)  in 
Figures  3.2.1  and  3.2.2.  The  first  method  (TSFR)  was  selected  (based  on  these  results)  as  the 
best  analysis  technique  and  used  extensively  during  the  research  portion  of  the  project  and  in 
the  microprocessor  LCSR  analyzer  (ESA-1). 

In  addition  to  the  numerical  analysis  techniques,  all  of  the  LCSR  transient  data  were  plotted 
in  semi-logarithmic  form.  Since  the  LCSR  transient  is  essentially  logarithmic  in  nature,  this 
assisted  in  the  calculation  of  time  constants.  An  example  of  a  semi-logarithmic  plot  of  LCSR  data 
is  shown  in  Figure  3.2.3. 
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Figure  3.1.1.  Raw  LCSR  Transient  for  Sensor  Tag  No.  AF 
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Figure  3.1.2.  Averaged  LCSR  Transient  for  Sensor  Tog  No.  AF  ^7  . 
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Table  3.2 

Analysis  Summary  of  Selecled  Thermocouples 


Response  Time  feed 


Flow 

Plunge 

Anaivsis  Method 

File  Name 

Isa# 

(m/sl 

tsecl 

TSFIT 

LST-SQ 

XTCA9 

AFP2072 

4 

0.6 

ai 

2.4 

2.5 

2.5 

VER20CI4 

4 

1.0 

2.7 

2.6 

Z4 

21 

AFP2066 

7 

0.6 

2.7 

2.2 

2.9 

2.1 

VER1006 

7 

1.0 

2.7 

2.4 

2.2 

3.2 

VLD1020 

7 

1.0 

2.7 

2.2 

2.2 

2.9 

A}CT2003 

7 

14 

17.1 

27.0 

26.0 

26.1 

A)Cri008 

7 

14 

17.1 

19.7 

17.2 

26.6 

AFP2060 

9 

0.6 

0.8 

0.6 

0.6 

0.3 

VERIOOe 

9 

1.0 

0.7 

0.6 

0.5 

0.5 

VLD2001 

9 

1.0 

0.7 

0.9 

0.7 

1.7 

AFP2054 

13 

0.6 

0.3 

0.8 

0.6 

0.8 

VER2012 

13 

1.0 

0.3 

0.2 

0.2 

0.2 

VLD2021 

13 

14 

0.3 

0.3 

0.3 

0.2 

AFP2042 

27 

0.6 

2.0 

2.4 

2.3 

1.9 

VEn2014 

27 

1.0 

1.9 

2.0 

1.7 

1.6 

Axrzolo 

27 

14 

17.1 

18.4 

16.5 

34.2* 

AFP2036 

29 

0.6 

1.4 

1.5 

1.5 

1.4 

VER2016 

29 

1.0 

1.4 

1.2 

1.2 

1.8 

VLD2017 

29 

1.0 

1.4 

1.2 

1.3 

.9 

AFP2006 

36 

0.6 

1.4 

1.0 

1.2 

0.6 

VER2Q20 

36 

1.0 

1.4 

1.2 

1.0 

0.7 

A>CT1015 

36 

14 

17.5 

22.6 

20.2 

62.7* 

AXT1016 

36 

14 

17.5 

22.8 

20.5 

39.4* 

AXT1017 

36 

14 

17.5 

18.2 

30.0 

20.8 

VLD2012 

36 

1.0 

1.4 

1.5 

1.5 

1.4 

AFP1012 

36 

0.6 

1.9 

1.7 

2.1 

2.3 

VER1021 

38 

1.0 

1.8 

1.4 

1.8 

1.6 

AFP2024 

40 

0.6 

0.4 

0.5 

0.5 

0.6 

VER1022 

40 

1.0 

0.4 

0.5 

0.3 

0.3 

AFP2Q30 

43 

0.6 

0.4 

0.5 

0.6 

0.3 

VER1Q2g 

43 

1.0 

0.3 

0.4 

0.3 

0.3 

AFP2a4S 

44 

0.6 

2.1 

2.7 

2.8 

5.1 

vERicrao 

44 

1.0 

1.9 

1.7 

2.1 

0.16* 

AFP2018 

46 

0.6 

2.0 

2.3 

0.9 

0.5 

VER1031 

46 

1.0 

1.6 

1.5 

1.5 

1.2 

*  Major  disagreement  with  the  Plunge  Test  results 
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Analysis  Techniques  Summary 
0.6  m/s  water 


DVS006A-01A 


Plunge  TSFIT 


I - 1  LST-SQR  ^  XTCA9 


Figure  3.2.1.  Computer  Program  Analysis  (0.6  m/s  water). 
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Analysis  Technioues  Summary 
1  m/s  Water 


Plunge  TSFIT 


I - 1  LST-SQR 
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PLOT  DATES  08-06-1990 
NUMBER  POINTS:  1500 

□BIG  DELTA  T:  O.C20 
PLOT  DELTA  T  FACTORS  3 
PLOT  4.3 


lE.OO 

TIKE  rSECl 


Figure  3.2.3.  Typical  Semi-Logarithmic  Plot  of  LCSR  Data. 
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3.3  Laboratory  VatidaMon  of  LCSH  In  Water 

For  the  validation  study  In  water,  12  thermocouples  were  selected  and  1  m/sec  flow  used. 
The  thermocouples  where  chosen  based  upon  previous  stable  performance  and  represented  a 
broad  variety  of  sizes  and  types.  The  results  of  these  tests  are  given  in  Table  3.3,  and 
graphically  presented  in  Figure  3.3.1. 

Typical  averaged  thermocouple  LCSR  transients  for  water  and  their  corresponding 
semi-logarithmic  plots  are  shown  in  Figures  3.3.2  through  3.3.7  for  type  E,  J,  and  K 
thermocouples. 

3.4  Laboratory  Validation  of  LCSR  in  Air 

For  the  validation  of  thermocouple  LCSR  In  air,  15  thermocouples  were  selected.  In  this 
case,  many  of  the  same  thermocouples  used  for  the  validation  study  in  water  were  again  used. 
Each  of  the  thermocouples  was  subjected  to  1 4  m/sec  air  flow  in  the  MIS  air  loop.  The  results 
of  these  tests  are  shown  In  Table  3.4  with  a  graphical  representation  shown  in  Figure  3.4.1. 
Examples  of  LCSR  test  data  in  air  and  associated  semi-logarithmic  plots  are  given  In  Figures 
3.4.2  through  3.4.7  for  type  E,  J,  and  K  thermocouples. 

3.5  I  ahoratoiy  Validation  of  Manufactured  Equipment 

The  thennocouple  LCSR  test  system  developed  for  this  project  (explained  in  deteui  in 
Volume  3)  was  successfully  tested  to  verify  the  results  it  produced  were  accurate.  Validation 
tasting  of  the  equipment  was  performed  in  both  water  and  air  using  several  relatively  stable 
thermocouples.  Test  parameters  (heating  current,  heating  time,  number  of  points  sampled,  and 
sampling  rate)  were  optimized  using  developed  procedures  to  obtain  the  most  consistent  results. 
The  results  of  the  testing  In  water  are  shown  in  Table  3.5  and  graphed  in  Figure  3.5.1 .  The  air 
results  are  shown  in  Table  3.6  and  Figure  3.5.2. 
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TABLE  3.3 

Hiermocouiile  LCSR  Test  Results 
Initial  Validation  1  m/s  Water 


Tag#/Slze 

Plunge 

(sec) 

LCSR 

(sec) 

j  Difference  1 
(sec) 

TYPEE 

AF  #44/Bnfim 

1.87 

1.60 

0.27 

AF  #27/5mm 

1.91 

1.82 

0.09 

AF  #2g/3mm 

1.38 

1.31 

0.07 

AF  #43/2mm 

0.34 

0.36 

0.02 

TYPEJ 

AF  #46/6mm 

1.84 

1.48 

0.36 

AF  #36/5mm 

1.36 

1.09 

0.27 

AF  #38/3mm 

1.76 

1.35 

0.41 

AF  #40/2mm 

0.42 

0.42 

0.00 

TVpeK 

AF  #  4/6mm 

2.74 

2.72 

0.02 

AF  #  7/5mm 

2.69 

2.3B 

0.31 

AF  #  3/3nim 

0.74 

0.58 

0.16 

AF  #13/2mm 

0.26 

0.16 

0.10 
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HI  Plunge  Result  LCSR  Result 

Figure  3.3.1.  Results  of  Initial  Validation  in  Water  (1  m/s). 


Filename  :  VER301 6 
jj!  of  Points  :  1800 

Delta  t  :  0.005  sec. 
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Time  (sec.) 
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Figure  3.3.2.  Averaged  LCSR  Transient  for  Sensor  Tag  No.  AF  /i/29  in  water 
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Figure  3.3.3.  Semi-Logarithmic  Piot  for  AF#29  in  Water. 
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Filename  ;  VER2006 
#  of  Points  :  1200 
Delta  t  ;  0.02  sec. 


4.8 


9*6  14^4 

Time  (sec.) 


Figure  3.3.4,  Averaged  LCSR  Transient  for  Sensor  Tag  No.  AF  jjl07  in  water 
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Figure  3.3.5.  Semi-Logarithmic  Plot  of  AF#07  in  Water. 
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Figure  J.3.6.  Averoged  LCSR  Tronsient  for  Sensor  Tog  No.  AF  §58  in  water  . 
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FILENAME: 
PLOT  DATE: 
NUMBER  POINTS: 
ORIQ  DELTA  T: 
PLOT  DELTA  T  FACTOR: 

PLOT  4.3 


-  ■  ■  I  ■  ■ 

verl021 

10-22-1990 

2000 

0.010 

4 


■a 


4.00 


S.OO 

TIME  CSEC) 


-  *  ‘  - 

12.00 


Figure  3.3.7.  Seml-Logarithmic  Plot  of  AF#38  In  Water. 
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TABLE  3.4 

Tharmocouple  LCSR  Test  Reeulte 
Air  Loop  Valldetlon  14  iiVsee  Air 


Plunge 

LCSR 

1  Difference! 

Tag# 

(sec) 

(sec) 

(sec) 

TypeE 

51 

1.12 

0.82 

0.30 

43 

3.88 

4.50 

0.62 

29 

10.55 

12.10 

1.55 

27 

17.10 

22.33 

5.23 

44 

23.90 

32.60 

8.70 

TYPEK 

52 

1.28 

1.20 

0.60 

40 

3.20 

3.60 

0.60 

38 

9.90 

12.09 

2.19 

36 

17.60 

21.28 

3.78 

46 

24.85 

35.90 

11.05 

TYPE  J 

22 

0.49 

0.30 

0.19 

13 

3.66 

3.85 

0.19 

9 

10.03 

11.30 

1.27 

7 

17.13 

23.00 

5.87 

4 

25.15 

29.70 

4.55 
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Filename  ;  AIR2012 
0  of  Points  :  2996 
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Rgure  3.4.2.  Averaged  LCSR  Transient  for  Sensor  Tag  No.  AF  #43  in  Air 
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Figure  3.4.3.  Semi-Logartthmlc  Plot  of  AF#43  in  Air. 
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Figure  3.4.4.  Averaged  LCSR  Transient  for  Sensor  Tag  No.  AF  #40  in  Air 
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PLOT  DATE! 
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3000 

“ 
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DELTA  T  FACTOR: 

2 

PLOT  4.3 
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Figure  3.4.5.  Seml-Logarlthmic  Plot  of  AF#40  in  Air. 
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Delta  t  :  0.06  sec. 


72  108  144 
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Figure  3,4,6  Averoged  LCSR  Transient  for  Sensor  Tag  No.  AF  jjl04  in  Air 
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TABLE  as 

Manufactured  Equipment  Validation  Reautts 
(0.6  m/aec  water) 


Plunge  Result  LCSR  Result  | Difference! 
TCTag#  _ teiSl _  _ U _  _ W _ 


29 

1.40 

27 

2.00 

43 

0.37 

44 

2.10 

46 

1.98 

36 

1.43 

36 

1.90 

40 

0.43 

04 

3.06 

07 

2.72 

09 

0.76 

13 

0.27 

1.10 

0.30 

1.99 

0.01 

0.37 

0.00 

2.19 

0.09 

2.39 

0.41 

1.33 

0.10 

1.98 

0.06 

0.43 

0.00 

2.83 

0.23 

2.96 

0.24 

0.49 

0.27 

0.29 

0.02 
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Table  3w6 

Manufactured  Equipment  Validation  ReauHa 
(14  nVaee  air) 


Plunge  Result 
TC  Tag  #  feeri 

3.20 
9.90 
1.28 
3.66 
10.03 
17,13 
1.12 
3.86 
10.55 
17.10 
0.16 
0.14 
0.50 


LCSR  Result 
Iseci 

1  Difference 
fseci 

3.63 

0.43 

9.46 

0.42 

1.54 

0.26 

7.03 

3.37 

14.68 

4.65 

18.27 

1.14 

1.10 

0.02 

3.90 

0.02 

8.61 

1.94 

19.45 

2.35 

0.10 

0.06 

0.12 

0.02 

0.56 

0.06 
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Manufactured  Equipment  Test  Results 


§m  '  M  '  #13  '  #8  '  #7  '  #51  '  '  #27  '  #20  '  #1B 

Thermocouple  Teg  Number 


MH  Plunge  LCSR 


Figure  3.5.2.  New  Equipment  Validation  (14  m/s  Air). 
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3.6  Problema  Encountared  Durino  LCSR  Testing 

During  the  LCSR  testing  of  thermocouples,  various  phenomena  occurred  which  made  data 
acquisition  {and  subsequent  analysis)  difficult.  The  LCSR  data  obtained  tor  these  cases  were 
such  that  the  averaging  program  could  not  adequately  compensate  tor  the  problems.  Examples 
of  these  are  as  follows: 

1.  Downward  temperature  drift  (Figure  3.6.1).  The  transient  displays  a  slow 
downward  slope  after  having  reached  an  Initial  plateau. 

2.  Upward  temperature  drift  (Figure  3.6.2).  The  transient  does  not  appear  to 
reach  a  final  value. 

3.  Spikes  present  during  the  Initial  portion  of  transient  (Figure  3.6.3). 

4.  Electrical  noise  present  in  the  thermocouple  output  (Figures  3.6.4  and  3.6.5). 

5.  Prompt  Jump  in  the  Initial  portion  of  toe  transient  (Rgure  3.6.6). 
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Figure  3.6.1.  Averoged  LCSR  Transient  for  Sensor  Tog  No.  AF  #46  (Downword  Drift)  . 
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Figure  3.6.2.  Averaged  LCSR  Transient  for  Sensor  Tag  No.  AF  #44  (Upward  Drift). 
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Figure  3.6.3.  Averaged  LCSR  Transient  for  Sensor  Tog  No.  AF  #13  (Spikes  in  Transient)  . 
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Figure  3.6.4.  Averaged  LCSR  Transient  for  Sensor  Tog  No.  AF  #13  (Noise  in  Transient)  . 
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Figure  3.6,5.  Averaged  LCSR  Transient  for  Sensor  Tog  Mo.  AF  (jf36  (Noise  in  Transient)  . 
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Figure  3.6.6.  Averaged  LCSR  Transient  for  Sensor  Tag  No.  AF  ^32  (Prompt  Jump). 
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4.  EFFECTS  OF  APPUED  CURRENT  AND  HEATING  TIME  ON  LCSR 

The  Identificaljon  of  baseline  values  to  use  for  the  various  LCSR  test  parameters  is 
required  to  obtain  accurate  response  time  results.  The  amount  of  electrical  current  used  to 
heat  a  thermocouple  and  heating  time  duration  are  two  parameters  which  can  be  varied 
during  LCSR  testing  to  accomplish  this. 

To  quantify  how  these  two  parameters  affect  LCSR  testing  of  thennocouples,  a  series  of 
tests  was  performed  on  1 1  thermocouples  of  different  sizes  and  types.  The  tests  were 
performed  by  systematically  changing  both  parameters  such  that  the  effects  of  each  on  LCSR 
results  could  be  evaluated.  The  heating  times  used  during  these  tests  were  5  and  15 
seconds.  The  currents  used  were  0.25, 0.5  and  1 .0  amperes  for  thermocouples  with  23,  24, 
and  30  gage  wires;  0.75, 1 .0  and  1 .5  amperes  for  thermocouples  with  16  and  20  gage  wire. 
Other  parameters  (number  of  points  sampled  and  sampling  rate)  were  varied  according  to 
each  thermocouple's  response  to  the  test  conditions.  LCSR  results  were  compared  to 
baseline  plunge  test  results  to  evaluate  the  effect  of  the  test. 

The  results  of  this  work  are  shown  in  Table  4.1 .  Composite  graphs  describing  this  data 
are  shown  for  the  following  cases  in  terms  of  differences  between  the  plunge  and  LCSR 
results.  (These  differences  can  be  converted  to  percent  differences  using  the  nominal 
response  times  of  the  thermocouple  from  plunge  test  results  shown  earlier); 

1 .  Differences  in  response  time  versus  heating  current  for  thennocouples  tested 
with  a  5  second  heating  time  (Figure  4.1). 

2.  Individual  thermocouple  response  time  differences  for  5  second  heating  times 
(Figures  4.2  through  4.4).  These  graphs  are  intended  to  Indicate  that  the 
response  time  difterencas  may  Increase,  decrease  or  remain  relatively  stable 
as  current  is  varied. 

3.  Differences  in  response  times  versus  heating  currents  for  thermocouples 
tested  with  a  15  second  heating  time  (Figure  4.5). 
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TABLE  4.1 


Effects  of  Heating  Time  and  Current  (0.6  m/s  Water) 
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Figure  4.1 .  Composite  Graph  of  Thermocouples  Tested  with 
6  Second  Heating  Times. 
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Figure  4.2.  Example  of  Thermocouple  with  Increasing  Errors  as  Current 
was  Increased.  (AF#36, 5  Second  Heating  Time.) 
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Tag  #40,  Type  J,  Heat  05  sec,  Gage  30 
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Figure  4.3.  Example  of  Thermocouple  with  Decreasing  Errors 

as  Current  was  increased.  (AF#40, 5  Second  Heating  Time.) 
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Response  Time  Dif.  vs.  Heating  Current 
Tag  #04,  Type  K,  Heat  05  sec,  Gage  18 
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Figure  4.4.  Example  of  Thermocouple  with  Relatively  Constant  Errors 

as  Current  was  Increased.  (AF#04,  5  S^ond  Heating  Time.) 
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Figure  4.5.  Composite  Graph  of  Thermocouples  Tested  with 
1 5  Second  Heating  Times. 


88 


AEDC-TR-81-26 


4.  Individual  thermocouple  response  time  differences  for  1 5  second  heating  times 
(Figures  4.6  through  4.8).  These  graphs  again  Illustrate  that  the  response  time 
differences  may  vary  or  remain  stable  as  current  is  changed. 

5.  Differences  in  response  times  for  various  thermocouples  tested  with  5  and  1 5 
second  heating  times  (Figures  4.9  through  4.13).  These  figures  are  shown  to 
illustrate  the  effects  of  different  heating  times  on  the  response  of  the 
thermocouple. 

6.  Example  LCSR  transients  of  a  specific  thermocouple  using  low,  medium,  and 
high  currents  (Figures  4.1 4  through  4.16).  The  currents  used  were  0.25, 0.50, 
and  1.0  ampere  respectively. 

7.  Example  LCSH  transients  for  a  thermocouple  using  high  current  and  varied 
heating  times  (Figures  4.17  and  4.18).  The  current  used  was  1.0  ampere. 
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Figure  4.7.  Example  of  Thermocouple  with  Decreasing  Errors  as  Current 
was  Increased.  (AF#40, 15  Second  Heating  Time.) 
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Figure  4.8.  Example  of  Thermocouple  with  Relatively  Constant  Errors  as  Current 
was  Increased.  (AF#36, 15  Second  Heating  Time.) 
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Figure  4.9.  Response  Time  Differences  Using  0.25A 
(5/15  Second  Heating  Times). 
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Figure  4.1 1 .  Response  Time  Differences  Using  0.75A 
(5/15  Second  HeaHng  Times) 
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Figure  4.12.  Response  Time  Differences  Using  1.0A 
(5/15  Second  Heating  Times). 
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Figure  4.1 3.  Response  Time  Differences  Using  1 .5A 
(5/15  Second  Heating  Times). 
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Figure  4.14.  Averaged  LCSR  Transient  for  Sensor  Tog  No.  AF  #43  (0.25A,  5  sec  Heating)  . 


AEDC-TR-9V26 


Filename  :  AFP3027 
#  of  Points  ;  1200 
Delto  t  :  0.002  sec. 


_i _ I _ _ _ _ _ _ _ _ I 

1.0  1.4  1.9  2.4 

Time  (sec.) 


Figure  4.15.  Averaged  LCSR  Tronsient  for  Sensor  Tag  No.  AF  #43  (0.5A,  5  sec  Heating) 
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Figure  4.16.  Averaged  LCSR  Transient  for  Sensor  Tag  No.  AF  ^43  (l.OA,  5  sec  Heating)  . 
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Figure  4.17.  Averaged  LCSR  Tronsient  for  Sensor  Tag  No.  Af  (l.OA,  5  sec  Heating)  , 
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Figure  4.18.  Averaged  LCSR  Transient  for  Sensor  Tag  No.  AF  |38  (l.OA,  15  sec  Heoting)  . 
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5.  EFFECTS  OF  EXTENSION  WIRE  LENGTH  ON  LCSR  FOR  THERMOCOUPLES 


Many  of  the  research  and  Industry  applications  in  which  thermocouples  are  used  require 
iong  extension  wires  from  the  thermocouple  to  the  monitoring/measuring  equipment.  To  verify 
that  the  LCSR  method  could  be  used  for  response  time  testing  of  thermocouples  with  long 
extension  wires,  a  series  of  systematic  tests  were  performed. 

The  tests  involved  the  selection  of  several  thermocouples  of  varied  size  and  type  and  the 
use  of  three  different  extension  wire  lengths  (6  m  ("M'),  9  m  (-30’)  and  15  m  (-50')).  All  of  the 
extension  wires  were  20  gage  solid  wires,  except  in  the  case  of  one  6  m  length  (type  "K') 
stranded  wire  which  was  also  used  to  study  the  effects  of  wire  type  on  LCSR  test  results.  Ail  of 
the  tests  were  performed  in  both  water  and  air  using  1.5  amperes  of  current  applied  for  15 
seconds.  The  subsequent  LCSR  results  were  compared  to  baseline  plunge  test  results. 


5.1  Effects  In  Water 

For  the  tests  performed  In  water,  6  thermocouples  and  0.6  m/sec  flow  were  used.  Table  5.1 
shows  the  results  of  this  testing.  Graphs  and  plots  further  describing  this  data  are  shown  for  the 
following  cases: 

1 .  Composite  graph  of  all  the  thermocouples  tested  showing  difterences  between 
plunge  and  LCSR  results  as  the  extension  wire  lengths  were  changed 
(Figure  5.1.1). 

2.  Difterences  between  plunge  and  LCSR  test  results  for  each  thermocouple  and 
wire  length  (Figure  5.1 .2). 

3.  Individual  thermocouple  response  time  differences  as  wire  lengths  were 
changed  (Figures  5.1.3  through  5.1 .8).  These  plots  reflect  how  each  specific 
thermocouple  responded  to  different  extension  wire  lengths. 

4.  Sample  LCSR  transients  for  a  typical  thermocouple  as  extension  wire  lengths 
were  changed  (Figures  5.1 .9  through  5.1 .11). 
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Extension  Wire  Tests  in  Water 
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Figure  5.1.1.  Response  Time  Difference  Versus  Extension  Wire 
Length  for  Water. 
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Figure  5.1 .3.  Response  Time  DHferenoe  Versus  Wire  Length 
(AF#07  in  Water). 
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Figure  5.1 .5.  Response  Time  DMference  Versus  Wire  Length 
(AF#27  In  Water). 
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Figure  5.1 .7.  Response  Time  Difference  Versus  Wire  Length 
(AF#36  in  Water). 
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Figure  5.1.10.  Averaged  LCSR  Transient  for  Sensor  Tag  No.  AF  S38  (9  meter  (30')  Fxtenfiion  Wire). 
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Figure  5.1. 11.  Averaged  LCSR  Transient  for  Sensor  Tag  No.  AF  #38  (15  meter  (50')  Extension  Wire) 
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5.2  Effects  in  Air 

The  same  series  of  extension  wire  tests  performed  in  water  (Section  5.1)  were  repeated  in 
air.  For  the  air  tests,  14  m/sec  flow  was  used.  Table  5.2  provides  the  results  of  this  testing. 
Graphs  and  plots  further  describing  this  data  are  shown  for  the  following  cases; 


1.  Composite  graph  of  ali  the  thermocouples  tested  showing  response  time 
differences  versus  extension  wire  length  (Figure  5.2.1). 

2.  Response  time  differences  for  each  thermocoupie  and  wire  length 
(Figure  5.2.2). 

3.  Response  time  differences  for  each  specific  thermocouple  tested  as  wire 
lengths  were  changed  (Figures  5.2.3  through  5.2.8).  Note  that  Figures  5.2.3 
and  5.2.4  also  show  stranded  wire  to  assist  In  evaluating  if  extension  w^re  type 
could  Impact  LCSR  results. 

4.  Sample  LCSR  traces  for  a  typical  thermocouple  In  air  as  extension  wrire  lengths 
were  changed  (Figures  5.2.9  through  5.2.11). 

Note  that  all  of  the  LCSR  extension  wire  tests  performed  in  air  provided  essentially  conservative 
results. 
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Extension  Wire  Tests  in  Air 


OWM014A.WQt  Bctanslon  Wire  Tests  In  Mr  @  14  m/a 


niename 

Tag  Na 
AF# 

Type 

■gjOi 

lifB 

1^1 

■SSI 

DHf. 

(Sac.) 

0.0. 

(nun) 

Loop  Res. 
(Ohms) 

AXT1008 

07 

1^ 

IS 

6111(207 

13.8 

17,1 

21.5 

•4.4 

5 

9.2 

AXT2001 

07 

1.5 

IS 

6in(207 

21.5 

17.1 

24,5 

-7.4 

5 

14.3 

AXT2002 

07 

K 

1.6 

IS 

28.9 

17.1 

26.1 

-0.0 

5 

19.3 

AXT2003 

07 

K 

1.5 

IS 

45.4 

17.1 

264 

-9.3 

5 

30.3 

AXT2007 

13 

■a 

1.S 

IS 

Sm  (207 

21.0 

3.7 

4.0 

-as 

2 

14 

AXT2004 

13 

H 

IS 

IS 

Sm  (207 

26.1 

3.7 

4.1 

4).4 

2 

17.4 

AX12005 

13 

U 

HQ 

15 

Sm  (307 

35.1 

3,7 

4.1 

-a4 

2 

23.4 

AXT200e 

13 

H 

15 

15m  (507 

52.1 

3.7 

3S 

■a2 

2 

34.7 

AXm09 

27 

E 

1.5 

15 

17.1 

22.6 

-5.5 

5 

16.2 

AXT2010 

27 

E 

1.5 

IS 

17.1 

21s 

-4.7 

5 

22.7 

AXT2011 

27 

E 

1.S 

15 

KJJ 

17.1 

24 Jl 

-7.2 

5 

36.9 

AXT2012 

43 

E 

1.5 

15 

6m  (207 

32.3 

3.9 

A£ 

-0.3 

2 

21.6 

AXT2013 

43 

E 

hq 

15 

6m  (307 

43.2 

3.9 

3S 

0.0 

2 

28.8 

AXT2014 

43 

E 

15 

1Bm(507 

64.S 

3.9 

3S 

0.0 

2 

43 

AXT1015 

36 

■1 

15 

6m  (207 

15.0 

17.5 

262 

-8.7 

5 

10 

AXTIOie 

36 

n 

15 

9m  (307 

20.0 

17.5 

22.9 

-5,4 

5 

13.3 

AXT1017 

36 

n 

WMB 

IS 

15m  (507 

30.8 

17.5 

21.3 

-3.8 

5 

20.S 

AXI201B 

40 

n 

^■Q 

15 

3.2 

4.0 

■0.8 

2 

11.1 

AXT2019 

40 

n 

Hq 

15 

3.2 

4.0 

-0.8 

2 

14.9 

AXT20eO 

40 

H 

HQ 

IS 

3.Z 

4.0 

■OJB 

2 

22.4 
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Resp.  Time  Dif.  |Plunge-Tau  Corr.  (sac.) 


AEDC-TR-91-2S 


Response  Time  Dif.  vs.  Wire  Length 
in  14  m/s  Air 


DWM014A-07C 


B  AF#07  ^  AF#13  □  AF#27 
BSSa  AF#43  ^  AF#36  AF#40 


Figure  5.2.1.  Response  Time  Difference  Versus  Wire  Length  for  Air. 
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Response  Time  Dtf.  tor  each  Tag  Number 
in  14  m/s  Air 


DWM014A-07E 


o 

s. 


i 


Tag  Number 


^6m(2ff)  ^gm(3D’)  I - 1  15m  (501 


Figure  5.2.2.  Response  Time  Difference  Versus  Tag  Number  for  Air. 
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Response  Time  Dif.  vs.  Wire  Length 

AF#13,  Type  K  in  14  m/s  Air 


DWM014A-0BA 


Wire  Length  (meters) 


BBSR  Stranded  Wire  Normal  Wire 


Figure  5.2.4.  Response  Time  Difference  Versus  Wire  Length  (AF#1 3  in  /Ur). 
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Response  Time  Dif.  vs.  Wire  Length 

AF#40,  Type  J  in  14  m/s  Air 


DWM014A-12A 


Wire  Length  (meters) 


Figure  5.2.5.  Response  Time  Difference  Versus  Wire  Length  (AF#40  in  Air). 
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Response  Time  Dit.  vs.  Wire  Length 
AF#36,  Type  J  in  14  tiVs  Air 


DVirMai4A-11A 


Figure  5.2.6.  Response  Time  Difference  Versus  Wire  Length  (AF#36  in  Air). 
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Dif.  vs.  Wire  Length 
AF#27,  Type  E  In  14  m/s  Air 


DWM014A-09A 


Figure  5.2.B.  Response  Time  Difference  Versus  Wire  Length  {AF#27  in  Air). 
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Response 


Figure  5.2.9.  Averaged  LCSR  Transient  for  Sensor  Tag  No.  AF  #13  (6  meter  (20')  Extension  Ulre). 
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Response 


Figure  5.2.11.  Averaged  LCSR  Transient  for  Sensor  Tag  No.  AF  #13  (15  meter  (50')  Extension  Wire). 
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6.  'mERMOCOUPUE  LCSR  IN  HIGH  AIR  PLOW  RATES 


Many  applications  requ  ire  the  use  of  thermocouples  in  high  subsonic  or  supersonic  air  flows. 
A  series  of  tests  were  performed  to  prove  the  viablitty  of  the  LCSR  technique  for  response  time 
testing  of  thermocouples  in  these  environments. 


6.1  Supersonic  Air  Flow 

For  the  supersonic  tests,  a  total  of  six  thermocouples  were  selected.  Testing  was  performed 
using  AMS  and  University  of  Tennessee  Mechanical  and  Aerospace  Engineering  Department 
facilities.  The  sequence  of  events  for  these  tests  was  as  follows: 


1 .  Subsonic  testing  of  the  selected  thermocouples  using  1 8  m/sec  flow  in  the 
AMS  wind  tunnel  was  performed.  Both  plunge  test  and  LCSR  data  were 
acquired  (Table  6.1). 

2.  Response  time  testing  of  the  thermocouples  (using  the  LCSR  method)  was 
performed  in  the  supersonic  wind  tunnel  at  the  University  of  Tennessee  using 
Mach  2  air  flow.  This  wind  tunnel  could  not  be  used  to  perform  plunge  tests, 
therefore  the  LCSR  method  is  the  only  method  which  could  be  used  to  provide 
an  Indication  of  the  response  time  of  the  thermocouples  in  these  conditions. 
Typical  (non-averaged)  LCSR  transients  are  shown  in  Figures  6.1 .1  and  6.1 .2. 
The  results  are  shown  In  Table  6.2. 

3.  The  plunge  test  data  from  step  1  above  were  fitted  to  the  following  equation 
to  obtain  the  constants  C,  and  for  each  thermocouple; 

T  —  C|  +  Cg/h 

Where  h  represents  the  film  heat  transfer  coefficient  and  r  Is  the 
time  constant. 

The  procedure  used  to  fit  the  plunge  test  data  to  this  equation  is  essentially 
the  same  as  that  described  in  Section  2.1 ,  except  the  heat  transfer  coefficient 
Is  now  the  independent  variable  in  lieu  of  the  flow  rate.  This  technique 
provided  calculated  estimates  for  the  time  constant  at  higher  velocities  (and 
different  heat  transfer  coefficients).  These  calculated  values  were 
subsequently  compared  to  actual  LCSR  results  for  four  of  the  thermocouples 
and  are  shown  in  Table  6.3.  Note  that  the  calculations  for  AF  #21  were  not 
performed. 
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Taa# 

AF  #1B 
AF  #19 
AF  #20 
AF  #21 
AF#22 
AF#23 


Notes; 


TABLE  6.1 

AMS  Subsonic  Testa 
(18  m/s  Air  Flow) 


Loop 

Wire 

Sheath 

Plunge 

LCSR 

Tyge 

Resistance 

O.D. 

O.D. 

Results 

Results 

K 

122.0fl 

0.1  (^m 

0.51  mm 

0.15 

0.19 

K 

0.10mm 

0.51mm 

K 

121.0a 

0.10mm 

0.51mm 

0.15 

0.12 

K 

294.0a 

0.1 0mm 

0.51mm 

0.60 

0.58 

K 

20.4c 

0.32mm 

1.60mm 

0.44 

0.38 

K 

20.0o 

0.32mm 

1.60mm 

0.44 

0.41  . 

1.  AF  #19  failed  open  during  testing. 

2.  Plunge  and  LCSR  results  are  in  seconds. 

3.  Plunge  and  LCSR  results  are  for  IB  m/sec  air  flow. 
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niename  :  AF35015 
If  of  Points  :  987 
Delta  t  :  0.0001  sec. 


Figure  6.1.1 . 


4to 


6.0  8.0 


Time  (sec  *  l(W2) 

Raw  LCSR  Transient  for  Sensor  Tag  No.  AF  #20  (Mach  2) 


Response 


Time  (sec  * 


Figure  6.1.2.  Raw  LCSR  Transient  for  Sensor  Tag  No.  AF  §25  (Mach  2)  . 
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TABLE  6.2 


Reaulta  from  Supersonic  Wind  Tunnel  at  Ma^  2 

LCSR 

Tag# 

Time  Constant  fsed 

AF#ie 

0.05 

AF#20 

0.04 

AF#21 

0.07 

AF#22 

0.06 

AF#23 

0.08 
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TABLE  6.3 


Actual  Veraua  CalcuMed  Time  Conatante 
(Mach  2) 

Time  Constant  (sec) 


Tag# 

LQSB 

Calculated 

AF#18 

0.05 

0.05 

AF#20 

0.04 

0.05 

AF#22 

0.06 

0.06 

AF#23 

0.06 

0.06 
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6.2  Subsonic  Air  Flow 

In  addition  to  the  subsonic  air  flow  testing  described  in  Section  3.4,  several  addttionai  tests 
were  performed  to  verify  the  capabilities  of  the  LCSR  method  in  high  subsonic  air  flows.  To 
perform  this  work,  a  subsonic  wind  tunnel  at  the  University  of  Tennessee  was  utilized.  In  all,  a 
total  of  7  thermocouples  and  3  different  air  speeds  (27  m/s,  45  m/s  and  54  m/s)  were  used.  The 
results  are  shown  in  Table  6.4.  Graphs  showing  the  comparisons  between  LCSR  and  baseline 
plunge  results  are  provided  in  Figures  6.2.1  and  6.2.2. 
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TABLE  6.4 

Subsonic  Atr  Flow  Test  Results 
27m/sec  46m/sec  54m/ssc 


Type 

Gage 

Plunoe  LCSR 

Plunoe  LCSR 

Plunoe  LCSR 

AF  #14 

K 

24 

1.40 

1.20 

1.20 

2.00 

AF  #15 

K 

30 

0.70 

0.80 

0.40 

0.30 

AF#16 

K 

20 

1.70 

1.50 

1.10 

1.00 

AF#18 

K 

0.08 

* 

0.0B 

• 

AF#22 

K 

0.40 

0.46 

0.27 

0.37 

AF#2g 

E 

23 

8.00 

9.13 

6.00  6.30 

AF#40 

J 

30 

2.45 

4.40 

2.22 

3.00 

*  Due  to  the  extremely  fast  time  constant  at  this  flow  rate,  accurate  correlation  of  LCSH 

data  to  plunge  test  resulte  was  not  possible  using  existing  plunge  test  equipment. 
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Time  (seconds) 
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Subsonic  Air  Flow  Tests 
UX  Wind  Tunnel  (4SnVs) 

OWMQ20A-02A 


14  1S  16  22  40 


Tag  Number 

ySI  Plunge  Test  LCSR  Test 
Figure  6.2.2.  Subsonic  Air  Flow  Tests  (45  m/s). 
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7.  REPEATABILITY  OF  LCSR  MEASUREMENTS  FOR  THERMOCOUPLES 

The  repeatability  of  a  test  is  determined  by  the  consistency  of  the  results  when  test 
condiliorts  are  held  constant;  several  tests  were  performed  to  determine  the  repeatability  of  LCSR 
measurements  for  thermocouples. 

The  tests  were  performed  at  two  different  times:  initial  sequential  tests  (three  LCSR  tests 
performed  one  right  after  the  other),  and  after  one  week.  Ail  of  the  tests  were  perfomied  using 
the  newly  developed  microprocessor  test  system  since  the  data  acquisition  parameters  could  be 
easily  held  constant  for  each  test.  The  parameters  were  chosen  based  on  a  developed 
procedure  described  in  Volume  3.  The  results  are  provided  as  follows: 

1 .  Sequential  repeatability  tests  in  water  and  air  (Tables  7.1  and  7.2).  The  LCSR 
tests  shown  here  were  performed  three  times  In  both  water  (0.6  m/s)  and  air 
(14  m/s).  These  tables  are  shown  in  graphical  form  in  Figures  7.1  and  7.2. 

Note  that  the  averages  of  the  three  sequential  LCSR  tests  are  also  shown. 

2.  One  week  repeatability  in  water  and  air  (Tables  7.3  and  7.4).  This  data 
represents  the  repeal  of  the  LCSR  tests  one  week  after  the  sequential  tests. 

These  tables  are  graphically  shown  In  Figures  7.3  and  7.4. 

In  addition  to  the  repeatability  tests  noted  above,  tests  were  performed  to  evaluate  the 
man-to-man  repeatability  of  the  LCSR  test.  Personnel  other  than  the  primary  test  engineers 
performed  LCSR  tests  on  several  thermocouples  (in  0.6  m/s  water)  using  the  same  methods  as 
the  other  repeatability  tests.  These  results  are  shown  In  Table  7.5  and  Figure  7.5.  This  data 
represents  typical  differences  in  results  which  could  be  expected  by  using  numerous  test 
personnel. 
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TABLE  7.1 

Sequential  LCSR  Repeatability 
(0.6m/a  Water) 


Test# 

LCSR 

Jag# 

Plunae  fsecl 

Test  1  leec) 

Test  2  (sec) 

Test  3  (sec) 

Averaae  (sec) 

29 

1.40 

1.11 

1.09 

1.09 

1.10 

27 

2.00 

1.96 

1.99 

2.01 

1.99 

43 

0.37 

0.35 

0.39 

0.36 

0.37 

44 

2.10 

2.07 

2.16 

2.70 

2.19 

46 

1.98 

2.20 

2.78 

2.20 

2.39 

36 

1.43 

1.47 

1.29 

1.23 

1.33 

36 

1.90 

1.97 

2.03 

1.95 

1.98 

40 

0.43 

0.44 

0.44 

0.42 

0.43 

4 

3.06 

2.82 

2.77 

2.91 

2.83 

7 

2.72 

3.03 

2.86 

2.99 

2.96 

9 

0.76 

0.50 

0.49 

0.49 

0.49 

13 

0.27 

0.29 

0.30 

0.27 

0.29 
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TABLE  7.2 


Sequential  LCSR  Repeatability 
(14iW8  Air) 


Tag# 

Plunae  (seel 

One  Isecl 

Teat# 
Two  Isecl 

Three  (sec) 

LCSR 

Averaae  faecl 

40 

3.20 

3.63 

3.54 

3.73 

3.63 

38 

9.90 

9.63 

9.38 

9.44 

9.48 

52 

1.28 

1.82 

1.53 

1.26 

1.54 

13 

3.66 

4.06 

6.82 

10.21 

7.03 

9 

10.03 

14.58 

14.06 

15.39 

14.68 

7 

17.13 

18.75 

16.49 

19.57 

18.27 

51 

1.12 

1.01 

1.07 

1.23 

1.10 

43 

3.88 

4.02 

3.96 

3.72 

3.90 

29 

10.55 

8.48 

9.08 

8.28 

6.61 

27 

17.10 

18.16 

18.12 

22.08 

19.45 

20 

0.16 

0.12 

0.10 

0.09 

0.10 

IB 

0.14 

0.12 

0.12 

0.12 

0.12 

23 

0.50 

0.56 

0.46 

0.47 

0.50 
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Sequential  Repeatability 
Flowing  Air  (t  4  m/s) 


DVS004A-03A 


Bgga  Test  3  rrm  Average  LCSR 


Figure  7.2.  Sequential  Repeatability  (14  m/s  Air). 
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TABLE  7.3 

One  Week  LCSR  Repeatability 
(0.6iiVe  Water) 


Taa  # 

Plunge 

(sec) 

1.40 

Sequential 

(sec) 

One  Week 
(sec) 

29 

1.10 

1.19 

27 

2.G0 

1.99 

1.91 

43 

0.37 

0.37 

0.42 

44 

2.16 

2.19 

2.94 

46 

1.98 

2.39 

2.65 

36 

1.43 

1.33 

0.91 

36 

1.90 

1.98 

1.45 

40 

0.43 

0.43 

0.47 

4 

3.06 

283 

2.99 

7 

2.72 

2.96 

240 

9 

0.76 

0.49 

0.41 

13 

0.27 

0.29 

0.31 
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TABLE  7.4 

One  Week  LCSR  Repeatability 
(14m/e  Air) 


Tag# 

13 

Plunge 

(sec) 

Sequential 

(sec) 

One  Week 
Iseci 

3.66 

7.03 

4.41 

9 

10.03 

14.68 

10.66 

7 

17.13 

18.27 

15.44 

51 

1.12 

1.10 

1.26 

43 

3.88 

3.90 

4.03 

29 

10.55 

8.61 

8.69 

27 

17.10 

19.45 

18.16 

20 

0.16 

0.10 

0.19 

18 

0.14 

0.12 

0.10 

23 

0.50 

0.50 

0.45 
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Tag  Number 


Plunge  Average  LCSR  |  |  Repeated  LCSR 

Figure  7.3.  One  Week  Repeatability  (0.6  m/s  Water). 
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TABLE  7.5 

Man  to  Man  Repeatability 
(0.6  m/a  Water) 


Plunge 

Primary  Test 

Repeated  Test 

Tap# 

fsec) 

Ised 

(sec) 

AF#29 

1.40 

1.10 

1.09 

AF#43 

0.37 

0.42 

0.44 

AF#38 

1.90 

1.9B 

1.35 

AF#40 

0.43 

0.43 

0.41 

AF#og 

0.76 

0.49 

0.74 

AF#13 

0.27 

0.29 

0.28 

AF#04 

3.06 

2.83 

2.85 

AF#07 

2.72 

2.96 

2.26 

AF#27 

2.00 

1.99 

2.16 

AF#44 

2.10 

2.19 

2.22 

AF#36 

1.43 

1.33 

1.14 

AF#46 

1.98 

2.39 

1.82 
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Man-To-Man  Repeatability 
Flowing  Water  (0.6  m/s) 

DVS002A-a6A 

3.5- 

3- 

2.5- 

2- 

1.5- 

1 

0.S- 

O' 

Plunge  V///^  Primaiy  Tests  i  |  Repeated  Tests 


Tag  Number 


Figure  7.5.  Man  to  Man  Repeatability. 
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8.  EFFECTS  OF  LCSR  TESTING  ON  THERMOCOUPLE  EXTENSION  WIRE 


During  LCSR  testing  of  thermocouples,  the  extension  wires  are  subjected  to  a  measurable 
amount  of  Joule  heating  as  the  current  is  applied.  Tests  were  performed  to  quantify  how  much 
of  a  temperature  rise  could  be  expected  during  typical  LCSR  testing.  This  series  of  tests  would 
also  provide  limitations  of  applied  current  for  the  LCSR  tests. 

The  experiments  were  performed  using  a  type  "K'  thermocouple  (AF  #01)  and  a  2  meter 
length  of  20  gage  solid  extension  wire.  The  tests  were  divided  Into  two  segments.  First,  the 
thermocouple  and  extension  wire  were  heated  at  varied  current  levels  until  a  steady  state 
temperature  was  reached  in  the  wire.  The  temperature  was  measured  by  sealing  another 
thermocouple  under  the  skin  of  the  wire  insulation.  The  results  of  the  tests  are  shown  In 
Table  8.1  and  Figure  8.1 ,  with  no  damage  to  the  extension  wire  or  insulation  noted  until 
approximately  4.0  amperes  was  used. 

In  the  second  series  of  tests,  varied  currents  were  applied  to  the  same  thermocouple 
(AF#01)  tar  a  20  second  duration.  The  starting  temperature,  temperature  after  20  seconds  of 
heating  and  the  maximum  temperature  reached  were  measured.  The  results  are  shown  in 
Table  8.2  and  Figure  8.2.  Note  that  no  damage  to  the  wire  or  insulation  occurred  until 
approximately  9  amperes  was  used. 
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TABLE  8.1 


Final  Steady-State  Temperature  RIae  hi  Thermocouple 

Extension  Wire 

0.5 

23.06 

23.33 

0.27 

1.0 

23.06 

27.78 

4.72 

2.0 

22.78 

44.44 

21.66 

3.0 

23.22 

75.00 

51.78 

4.0 

22.78 

112.78 

90.00 

5.0 

23.89 

121.11 

97.22 
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Steady-State  Temperature  Rise 
Thermocouple  Extension  Wire  (Type  K) 


Figure  8.1 .  Steady-State  Temperature  Rise  In  Extension  Wire. 
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TABLE  8.2 


Twenty  Second  Temperature  RIee  in  Tliermocouple  Extension  Wire 


StoD  Temoerature  f°Ct  MaximumTemoeraturef'^Ct 

0.5 

24.78 

25.11 

25.22 

1.0 

24.67 

25.56 

25.56 

2.0 

24.78 

28.33 

28.67 

3.0 

24.89 

32.22 

32.89 

4.0 

24.56 

36.00 

39.33 

5.0 

24.89 

48.33 

50.56 

6.0 

25.56 

53.33 

57.44 

7.0 

24.78 

66.11 

74.00 

8.0 

25.11 

76,67 

87.78 

9.0 

25.67 

106.11 

108.33 

Note:  1.  Stop  Temperature  is  the  temperature  reached  after  20  seconds  of 
heating  time. 

2.  Maximum  Temperature  is  the  maximum  temperature  reached  after 
heating  for  20  seconds. 
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Twenty  Second  Heating  Temperature  Rise 
Thermocouple  Extension  VWre  (Type  K) 


Current  (Amps) 

QB  After  20  Sec.  ^3  Max.  Temp.  Rise 
Figure  8.2.  Twenty  Second  Temperature  Rise  in  Extension  Wire. 
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9.  SUPPLEMENTAL  TESTING  OF  THERMOCOUPLES 

Several  additional  tests  were  performed  during  the  project  to  provide  some  insight  into 
thermoooupie  performance  and  characteristics.  Enclosed  in  this  section  are  results  from  a 
series  of  tests  which  were  performed  during  the  project.  They  are; 

1 .  Noise  Anaiysis  Applications  for  Thermocouples 

2.  Thermocouple  Inhomogeneity  Testing 

In  addition  to  the  above.  Appendix  D  is  a  copy  of  a  report  sent  to  the  Lockheed 
Aeronautical  Systems  Company  concerning  a  field  application  of  the  thermocouple  LCSR 
technique. 

9.1  Noise  Analysis  ADollcatlons  for  Thermocouples 

The  use  of  noise  analysis  to  determine  the  response  time  of  pressure  sensors  has  been 
developed  and  is  used  on  a  frequent  basis.  Basically,  the  procedure  involves  analyzing  the 
random  fluctuations  (noise)  which  often  occur  naturally  at  the  output  of  a  thermocouple  while 
installed  in  an  operating  process.  These  random  fluctuations  contain  information  about  the 
dynamics  of  the  process  and  the  sensor.  When  the  bandwidth  of  the  process  fluctuations 
is  sufficiently  larger  than  that  of  the  thermocouple,  the  spectrum  of  the  thermocouple  output 
noise  would  represent  the  transfer  function  of  the  thermocouple.  This  transfer  function  can 
be  used  to  provide  the  response  time  of  the  thermocouple. 

To  evaluate  the  feasibility  of  using  noise  analysis  for  thermocouple  response  time  testing, 
experiments  were  performed  in  air  and  water.  The  data  acquisition  procedure  involved  the 
recording  of  random  temperature  noise  data  from  a  thermocouple's  EMF  output,  removing 
the  electrical  DC  component,  and  then  amplifying  and  analyzing  the  fluctuations.  Test  data 
were  obtained  using  a  hot  air  blower  (flowing  at  an  estimated  14  m/s)  and  a  multiple  input 
pipe  manifold.  For  the  pipe  manifold,  hot  and  cold  water  were  used  as  inputs.  The  heated 
water  was  injected  randomly  and  allowed  to  mix  with  cool  water  to  create  temperature  noise. 
The  results  of  these  tests  are  shown  in  Table  9.1  and  9.2.  Note  that  plunge  tests  were  not 
performed  in  the  hot  air  flow,  but  the  baseline  plunge  results  at  14  m/s  flow  were  used  as  an 
estimate. 
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TABLE  9.1 

Noise  Analysis  Results  Using  Hot  Air  Blower 


Taq# 

Test# 

Plunge  Result  fsecl 

Noise  Analysis 

AF#20 

1 

0.16 

0.12 

AF#20 

2 

0.16 

0.09 

AF#20 

3 

0.16 

0.09 

AF#20 

4 

0.16 

0.09 

TABLE  9.2 

Noise  Analysis  Result  Using  Pipe  Manifold 


Tag  #  Plunge  Result  (seri  Noise  Analysis  Result  fseci 

AF#04  3.70  4.35 

AF#20  0.05  0.50 
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A  summary  of  problems  noted  during  the  noise  analysis  tests  are  as  follows: 

1 .  The  recording  of  a  thermocouple's  EMF  output  requires  the  use  of  vary  high 
amplification  (usually  >  50,000).  Electrical  noise  from  the  amplifier  will  often 
hide  the  thermocouple  signal. 

2.  Slower  responding  thermocouples  require  data  acquisition  at  low 
frequencies.  The  dominating  influence  at  these  frequencies  is  the  high  pass 
filter  (used  to  remove  the  DC  component  of  the  signal)  and  not  the 
thermocouple  output. 

Example  noise  analysis  Power  Spectral  Density  (PSD)  plots  are  shown  in 
Figures  9.1.1  and  9.1.2. 

9.2  Thermocouple  Inhomooeneitv  Testing 

Inhomogeneities  present  in  thermocouples  may  cause  critical  temperature  measurement 
errors  when  they  are  located  within  a  thermal  gradient.  Simple  tests  were  performed  to 
display  how  an  inhomogeneity  in  a  thermocouple  could  be  detected.  To  accomplish  this,  a 
type  "K"  thermocouple  was  constructed  as  shown  in  Figure  9.2.1 .  An  inhomogeneity  was 
introduced  in  one  lead  of  the  thermocouple  by  cutting  the  lead  wire  and  re-soldering  it  back 
together.  The  test  fixture  was  then  connected  to  an  amplifier  and  strip  chart  recorder  to 
monitor  its  output  during  testing.  The  thermocouple’s  measuring  and  reference  junctions 
were  inserted  into  a  bath  of  water  v^ile  a  localized  temperature  gradient  was  passed  along 
the  wire.  Figures  9.2.2  and  9.2.3  are  examples  of  the  output  from  the  thermocouple  during 
the  test.  Note  that  the  spikes  which  are  present  indicate  where  the  temperature  gradient 
passed  over  the  Inhomogeneity. 
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Figure  9.1.1.  PSD  for  Thermocouple  #AF20  Using  Heat  Gun. 


AEDC-TR-91-26 


l.?i,0W03  exp-  jnc.  f»  J) 


rREmJENCY  (117) 


Figure  9.1 .2.  PSD  for  Thermocouple  #AF20  Using  Pipe  Manifold. 
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Figure  95.1.  Inhomogeneity  Test  Thermocouple. 
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Figure  9.2.2.  Inhomogeneity  Test  Chart  Recording  (Amplifier  Gain  Set  at  1000). 
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Cr  Astm-»ed,Irc.  W.  War,vic:<.  n.l.,  U.S.A 


(166.7  MS^MM  )  CHI  •  OFF-FIl_TER  OFF-P-P-DC 


CHP  -  0.aV/'dlw-2S  OFF-FILTER  OFF-P-P-DC 


Figure  9.2.3.  Inhomogeneity  Test  Chart  Recording  (Amplifier  Gain  Set  at  500). 
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10.  THERMOCOUPLE  CALIBRATION 

A  small  portion  of  the  research  performed  in  this  project  was  devoted  to  thermocouple 
calibration.  An  overview  of  the  results  of  the  three  major  tasks  completed  (calibration 
repeatability,  effects  of  LCSR  on  calibration,  and  high  temperature  calibration)  will  be 
presented. 

10.1  Calibration  Method 

Table  10.1  lists  the  configuration  of  the  20  thermocouples  used.  Note  that  these 
thermocouples  were  different  from  those  used  for  the  primary  LCSR  research.  All 
thermocouples  were  approximately  31cm  long,  sheathed  In  stainless  steel,  and  had 
ungrounded  junctions.  The  method  used  for  the  calibrations  was  a  variation  of  Method  B 
described  in  ASTM  Standw-d  E  220.  In  order  to  Improve  temperature  stability,  a  cylindrical 
copper  block  was  inserted  into  the  oil  bath.  The  block  has  a  center  hole  and  six  equidistant 
holes  drilled  in  one  end.  A  Standard  Platinum  Resistance  Thermometer  (SPHT)  was  inserted 
Into  the  center  hole  with  its  leads  connected  to  a  digital  muttlmater  (DMM)  in  a  <^wire  ohms 
configuration.  Each  thermocouple  was  connected  to  a  different  channel  of  a  muhiplexer.  The 
outputs  of  the  multiplexer  were  connected  to  a  second  DMM  and  the  entire  data  acquisition 
process  was  automated  using  the  IEEE-488  protocol. 

Due  to  the  short  length  of  the  test  thermocouples,  it  was  physically  Impossible  to  immerse 
the  ends  of  the  thermocouple  In  an  Ice  point  reference  junction.  As  a  result,  extension  wires 
were  used.  The  reference  junction  ends  of  the  extension  wires  were  soldered  to  copper  wires 
which  were  then  connected  to  the  various  multiplexer  channels.  The  soldered  junction  was 
then  encased  In  heat  shrink  tubing  to  allow  direct  immersion  of  the  junction  into  the  ice  bath. 
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TABLE  10.1 

Thermocouple  Calibration  List 


Sheath 


Tag# 

Type 

Grade 

DIam 

AFC  #01 

K 

std. 

6  mm 

AFC  #02 

K 

std. 

5  mm 

AFC  #03 

K 

std. 

3  mm 

AFC  #04 

K 

std. 

2  mm 

AFC  #05 

E 

std. 

6  mm 

AFC  #06 

E 

std. 

5  mm 

AFC  #07 

E 

std. 

3  mm 

AFC  #08 

E 

std. 

2  mm 

AFC  #09 

J 

std. 

6  mm 

AFC  #10 

J 

std. 

5  mm 

AFC  #11 

J 

Sid. 

3  mm 

AFC  #12 

J 

std. 

2  mm 

AFC  #13 

K 

unknown 

3  mm 

AFC  #14 

J 

unknown 

3  mm 

AFC  #15 

K 

spl. 

3  mm 

AFC  #16 

E 

spl. 

3  mm 

AFC  #17 

J 

spl. 

3  mm 

AFC  #18 

K 

spl. 

3  mm 

AFC  #19 

E 

spl. 

3  mm 

AFC  #20 

J 

spl. 

3  mm 

164 


AEDC-TR-91-26 


10.2  Thermocouple  Calibration  Repeatability 

Figures  10.2.1  through  10.2.6  show  typical  calibration  results  forttie  thermocouples.  Note 
that  the  results  are  expressed  as  differences  from  standard  thermocouple  reference  tables.  The 
first  three  calibrations  were  performed  on  the  thermocouples  In  the  "as-received"  condition  with 
no  prior  testing.  Using  these  three  calibrations,  it  is  shown  In  the  figures  that  the  calibration 
repeatability  ranges  from  approximately  0.1  °C  to  0.5”C  depending  on  the  particular  thermocouple. 
Note  that  Figures  10.2.4  through  10.2.6  are  for  special  grade  thermocouples  In  lieu  of  standard 
grade. 

10.3  Effects  of  LCSR  on  Thermocouple  Calibration 

Since  the  LCSR  method  is  being  used  to  perform  in-situ  response  time  testing,  it  was 
Important  to  determine  its  impact  on  the  accuracy  of  thermocouple  calibration.  The  fourth 
calibration  was  performed  after  LCSR  testing  had  been  done  on  all  twenty  thermocouples.  The 
LCSR  tests  were  accomplished  using  nominal  current  and  heating  times  in  accordance  with 
procedures  used  for  all  the  LCSR  research  performed  previous  to  these  tests.  Figures  10.2.1 
through  1 0.2.6  provide  typical  results,  and  also  show  the  fourth  calibration  plotted  with  the  other 
three  calibrations.  No  noticeable  effects  of  LCSR  on  the  calibrations  were  detected  In  any  of  the 
thermocouples  tested. 

10.4  High  Temperature  Thermocouple  Calibration 

Six  thermocouples  were  calibrated  at  a  relativeiy  high  temperature  (400'’C),  and  results 
compared  to  a  standard  type  "S"  thermocouple's  measurements.  Figures  10.4.1  through  10.4.6 
show  the  results  of  these  tests.  These  figures  represent  differences  In  calibration  for  each 
thermocouple  tested  at  each  temperature,  including  the  high  temperature  point. 
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Diff.  From  Raf.  Table  (C) 
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Thermocouple  Calibration  Data 

AFC  #02,  Deviation  from  Reference  Table 

WLM004-02A 


Figure  10.2.1.  Thermocouple  Calibration  AFC#02  (0-300*C). 
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Diff.  From  Ref.  Table  (C) 


AEDC-TH-91-26 


Thermocouple  Calibration  Data 
AFC  #03,  Deviation  from  Reference  Table 

WLM004-03A 


Figure  10.2.2,  Thermocouple  Calibration  AFC#03  (0-300°C). 
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Diff.  From  Ref.  Table  (C) 


AEOC-TR-91-26 


Thermocouple  Calibration  Data 

AFC  #04,  Deviation  from  Reference  Table 

WLMOOMMA 


Figure  10.2.3.  Thermocouple  Calibration  AFC#04  (0-300°C). 
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Diff.  From  Ref.  Table  (C) 
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Thermocouple  Calibration  Data 

AFC  #16,  Deviation  from  Reference  Table 

WLMQ04--t6A 


Observed  Temperature  (C) 

->e-  Cal  1  Cal  2  -h-  Cal  3  -a-  Post  LCSR 

Figure  10.2.4.  Thermocouple  Calibration  AFC#16  (0-300°C). 
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Diff.  From  Ref.  Table  (C) 
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Thermocouple  Calibration  Data 

AFC  #17,  Deviation  from  Reference  Table 

WLM004-17A 


Figure  1 0.2.5.  TTiermocouple  Calibration  AFC#17  (0-300"C). 
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Diff.  From  Ref.  Table  (C) 
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Thermocouple  Calibration  Data 

AFC  #18,  Deviation  from  Reference  Table 

WLM004-18A 


Figure  10.2.6.  Thermocouple  Calibration  AFC#18  (O-SOOpC). 
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Difference  (C) 
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High  Temperature  Calibration 

AFC  #03  Indicated  -  Measured  Difference 

WLM005A-01A 


Temperature  {C) 

Rgure  10.4.1.  High  Temperature  Calibration  (AFC#03,  0-400°C). 
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High  Temperature  Calibration 
AFC  #07  Indicated  •  Measured  Difference 

WLM005A-02A 


Temperature  (C) 

Figure  10.4.2.  High  Temperature  Calibration  (AFC#07, 0-400°C). 
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Difference  (C) 
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High  Temperature  Calibration 
AFC  #1 1  Indicated  -  Measured  Difference 

WLM0OSA-03A 


Temperature  (C) 

Rgure  10.4.3.  High  Temperature  Calibration  (AFC#11,  CMOO’C) 
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Difference  (C) 


AEDC-TH-91-26 


High  Temperature  Calibration 
AFC  #18  Indicated  -  Measured  Difference 

WLM005A-04A 


Figure  10.4.4.  High  Temperature  Calibration  (AFC#1B,  0-400°C). 
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Difference  (C) 
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High  Temperature  Calibration 
AFC  #1 9  Indicated  -  Measured  Difference 

WLM005A-05A 


Temperature  (C) 

Figure  10.4.5.  High  Temperature  Calibration  (AFC#19  0-400®C). 
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Difference  (C) 
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High  Temperature  Calibration 
AFC  #20  Indicated  -  Measured  Difference 

WLM005A*06A 


Figure  10.4.6.  High  Temperature  Calibration  {AFC#20,  0-400"C). 
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11.  DYNAMtC  MODEUNG  OF  THERMOCOUPLES 


A  simpltfled  finite  difference  numerical  model  describing  the  dynamic  heat  transfer  response 
of  a  bare  Junction  thermocouple  to  step  changes  in  temperature  was  developed  as  part  of  this 
project.  The  model  was  designed  to  replicate  both  plunge  and  LCSn  tests.  Although  the  model 
is  not  intended  to  be  used  in  place  of  these  tests,  it  can  be  used  fbr  interpolation  or  extrapolation 
for  conditions  not  tested  (i.e.,  different  wire  sizes,  flow  conditions,  thermocouple  types,  etc).  A 
detailed  description  of  the  model  is  provided  below.  A  listing  of  the  source  code  is  provided  in 
Appendix  B. 

11.1  fbermocQuole  Model  Background  Theory 

The  model  was  developed  using  a  lumped  capacity  heat  transfer  analysis  in  the  radial 
dimension,  which  assumes  no  radial  temperature  variation  in  the  thermocouple  wire  or  In  the 
junction.  Although  this  is  an  idealized  assumption,  the  small  size  of  the  thermocouple  wire  and 
the  relatively  high  thermal  conductivity  make  this  an  acceptable  choice  for  exposed  junction 
thermocouples,  but  a  poor  choice  for  grounded  or  sheathed  thermocouples. 

The  mathematical  formulation  involves  one  dimensional,  unsteady  state  heat  transfer  with 
heat  conduction  along  the  wires,  Note  that  radiation  heat  trsuisfer  has  been  neglected  since  this 
would  affect  results  only  If  the  convection  heat  transfer  coefficient  Is  very  low.  The  model 
becomes  two  dimensional  in  regions  where  the  wire  Is  Insulated,  but  only  to  the  extent  that  the 
wire  may  have  a  different  temperature  than  the  surrounding  insuiatlon.  Like  the  wire,  the 
insulation  temperature  is  assumed  to  vary  only  along  its  length.  The  wire  and  the  Insulation  can 
be  divided  into  200  separate  sub-lengths,  where  each  sub-length  is  represented  by  a  node  at  Its 
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center.  The  temperature  is  then  assumed  to  be  constant  over  each  sub-length.  Figure  1 1.1.1 
iilustrates  the  thermocouple  as  represented  by  nodes  In  the  analytical  model.  The  two  wires  are 
Identified  as  wire  "A"  and  wire  “B”  in  order  to  allow  for  separate  property  inputs  such  as  thermal 
conductivity,  specific  heat,  density  and  electrical  resistivity  for  each  wire  material.  Six  different 
areas  are  identified  In  the  figure.  The  heat  transfer  equations  will  be  different  for  each  specific 
area;  however,  within  an  area  the  form  of  the  equations  will  be  identical. 

As  shown  In  the  figure,  the  six  identified  areas  of  the  thermocouple  are: 

1 .  Measuring  Junction,  where  wire  properties  are  assumed  to  be  the  average  of 
wires  'A'  and  "B"  and  the  size  may  be  the  same  as  the  wire  diameter  or  a 
larger  spherical  shape. 

2.  Sub-Region  1 ,  the  bare  wire  adjacent  to  the  measurement  junction.  The  node 
spacing  is  smallest  in  this  region  where  the  results  most  critically  affect  the 
time  constant. 

3.  Sub-Region  2,  the  insulated  wire  inside  the  test  environment. 

A,  Sub-Region  3,  the  insulated  wire  outside  the  test  environment. 

5.  Sub-Region  4,  the  bare  wire  adjacent  to  the  reference  junction. 

6.  The  reference  junction,  where  the  wire  attaches  to  the  test  instrument. 

The  analysis  procedure  for  Sub-Regions  1  and  4  are  identical  mccept  the  convection 
coefficient  is  different.  The  same  conclusion  holds  for  Sub-Regions  2  and  3. 

11.2  Solution  Technique 

The  equations  for  each  area  were  developed  in  finite  difference  fomri  and  solved  by  an 
explicK  technique.  The  model’s  equations  are  explicit  because  all  unknown  nodal  temperatures 
for  the  new  time  are  determined  exclusively  from  the  known  nodal  temperatures  at  the  previous 
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time.  Hence  calculation  of  the  unknown  temperature  Is  straight  forward.  Since  the  temperature 
of  each  interior  node  Is  known  at  time  -  0  (from  prescribed  initial  conditions),  the  calculation 
begins  at  lime  -  Dt  where  Dl  Is  the  selected  time  increment.  With  temperatures  known  at  every 
node  for  lime  =  Dt,  the  equations  are  then  applied  again  at  each  node  to  determine  temperatures 
at  time  »  2Dt  in  terms  of  the  temperatures  at  time  =  Dt. 

The  accuracy  of  this  technique  may  be  Improved  by  decreasing  the  time  increment  and  the 
length  increment  between  the  nodes.  Of  course  the  smaller  increments  require  more  nodes  and 
more  calculations  per  time  increment  so  that  computing  time  may  be  significantly  increased.  The 
choice  of  length  increment  is  usually  a  compromise  between  computation  time  and  accuracy. 

An  undesirable  feature  of  the  explicit  method  is  that  It  Is  not  unconditionally  stable.  In  a 
transient  problem  (such  as  the  model),  the  solution  for  the  nodal  temperatures  should 
continuously  approach  final  (steady-state)  values  with  Increasing  time.  However,  with  the  explicit 
method,  the  solution  may  be  characterized  by  numerically  induced  oscillations  which  are 
non-c»usal.  The  oscillations  may  become  unstable,  forcing  the  solution  to  diverge  from  actual 
final  condrtlons.  To  prevent  such  erroneous  results,  the  prescribed  value  of  Dt  must  be 
mairrtained  at  small  values,  which  depends  on  the  nodal  length  Increment  and  otoer  system 
parameters.  This  dependence  is  known  as  the  stability  criterion. 


11,3  Thermocouple  Model  Simulation  Algorithm 

The  numerical  model  can  simulate  either  a  plunge  or  LCSR  test.  Initially,  a  uniform  value  is 
assumed  for  all  temperatures.  To  simulate  a  plunge  test,  the  measuring  junction  and 
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Sub-regions  1  and  2  are  Instantaneously  exposed  to  a  surrounding  fluid  of  uniform  temperature 
different  from  the  Initial  temperature  of  the  thermocouple.  Using  a  preselected  time  Increment, 
the  temperature  at  each  node  is  calculated  at  the  end  of  the  time  increment  in  terms  of 
surrounding  temperatures  at  the  beginning  of  the  time  increment.  The  time  Is  Incremented  once 
again  and  all  temperatures  recalculated  in  terms  of  surrounding  temperatures  at  the  beginning 
of  the  current  time  increment.  When  using  the  explicit  scheme,  a  time  increment  of  0.01  seconds 
appears  to  produce  stable  results  for  all  cases  studied. 

To  simulate  an  LCSR  test,  the  measuring  Junction  and  subregions  1  and  2  of  the 
thermocouple  are  initially  assumed  to  be  at  the  uniform  temperature  of  the  test  environment. 
Sub-regions  3  and  4  and  the  reference  Junction  are  at  room  temperature.  At  time  equal  to  zero, 
electric  power  generation  Is  assumed  to  occur  throughout  the  wires.  At  the  end  of  each  time 
increment,  the  temperatures  are  recalculated  at  each  node  and  the  procedure  continued  until  the 
current  is  shut  off.  The  electric  current  in  amps  and  time  of  application  are  Inputs  to  the  program. 
After  the  current  is  shut  off,  the  measuring  Junction  and  wire  are  cooled  by  convection  in  the  test 
environment  and  the  solution  continues  with  the  power  generation  terms  set  equal  to  zero. 

In  both  plunge  and  LCSR  tests,  the  time  constant  is  determined  by  curve  fitting  the 
parameter  (Tj  -  Tp)  versus  time  on  semi-logarithmic  coordinates 

CTji-Tp) 


where 

Tj  Is  the  measuring  junction  temperature 

Tji  is  the  initial  measuring  Junction  temperature 

and  Tp  is  the  temperature  of  the  test  environment 
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11.4  Heat  Transfer  Equations 

The  equations  used  for  the  development  of  the  model  are  basic  heat  transfer  relations.  The 
terms  (and  associated  units)  used  throughout  these  equations  are  declared  below; 

1 .  "Q”  (W);  Heat  Transfer  Rate 

2.  'IC  (W/m  "C):  Thermal  ConductivHy 

3.  "A"  (m^);  Area  Normal  1o  the  Direction  of  Heat  Flow 

4.  "h"  (W/m^  ”0):  Convection  Heat  Transfer  Coefficient 

5.  “r  (A) ;  Current 

6.  (a);  Resistance 

7.  p  (l^/m^:  Density 

8.  V  (m*):  Volume 

9.  C^J/KgoC);  Specific  Heat 
The  basic  equations  used  were; 

1 .  Conduction  along  the  wire 

Q  =  -KA  ^ 

dX  where  dT  is  the  temperature 

difference  between  any  two  adjacent 
nodes  along  the  wire,  spaced  dx 
apart 

2.  Convection  from  the  wire  to  the  surrounding  fluid 

Q  =  h  A  4  T  where  aT  is  the  temperature 

difference  between  the  mre  and 
surrounding  fluid  temperature 

3.  Conduction  heat  transfer  between  the  wire  and  insulation 


where  dT  is  the  insulation 
temperature  minus  the  wire 
temperature,  dX  is  1/2  the  insuiatlon 
thickness  and  K  Is  thermal 
conductivity  of  the  insulation 
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4.  Convection  heat  transfer  between  the  outer  surface  of  the  insulation  and  the 
surrounding  fluid. 

Q  =  h AaT 

5.  Energy  generated  due  to  electrical  current 


The  development  of  the  equations  for  each  area  is  shown  below.  Drawings  of  the  model 
relationships  are  shown  in  Figures  11.4.1  through  11.4.4. 

1.  Measuring  Junction 

The  equations  are  based  on  an  energy  balance  using  the  First  Law  of  Thermodynamics  for 
each  node,  where  the  net  effect  of  the  rate  of  heat  transfer  to  or  from  the  node  by  conduction 
along  the  wire,  convection  with  the  surrounding  fluid,  and  heat  generation  within  the  node  due 
to  an  electrical  current  may  produce  a  change  in  the  measuring  junction  temperature  with  time. 
Junction  properties  are  averaged  between  the  two  wire  materials  at  the  measuring  junction.  The 
energy  balance  is  as  follows: 

Qb-M  "f"  Qa-M  QfUIIOM  "I"  ®G«n  ~  _ 

dt 

Where  is  the  rate  of  heat  conduction  along  the  wire  from  node  B  to  node  J  and  dE/dt 
is  the  time  rate  of  energy  change  of  node  J. 

Note  the  following: 

_KeA(T9-T,) 

L 
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Figure  11.4.1.  Model  Relationship  (Measuring  Junction) 


Figure  11.4.2.  Model  Relationship  (Bare  Wire) 
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L 

Qfluidu  “  (Tp  -  Tj) 

CU  =  I*R 
dE^ 

dT  At 

substituting  into  the  energy  balance  equation  and  solving  for  Tj,  gives; 

Tj,  =  T,  +  [Cl  CT*  -  T,)  +  C2  a*  -  TJ  +  C3  Qo„  +  C4  (Tp  -  TJ]  At 
Where  all  quantities  on  the  right  side  EU’e  evaluated  at  the  previous  time  when  they  are 
known,  and  Cl  through  C4  are  known  parameters.  Note  that  Tj^  is  the  temperature  at  node  J 
At  seconds  atier  the  temperature  at  node  J  Is  equal  to  Tj,  and  Tp  is  the  fluid  temperature. 

2.  Energy  balance  for  nodes  in  the  bare  wire 

"I"  Qn+I-'H  "t"  Qo»ll  ~  ClE 

"dT 

where 

Qu-i-fj  —  K  A  (Tjp,  -  TJ 
L 

=  K  a  (Tj,^,  -  TJ 
L 

Qp-^  “  A,  (Tp  -  TJ 


dE  =  pVC,  (T„-TJ 
dt  At 
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Substituling  Into  the  energy  balance  equation  and  solving  tor 

T,„  =  T„  +  [C5  CTm.,  +  T^.,  -2r„)  +  C6  CTf  -  TJ  +  C7  Qo„]  A  t 

Where  C5  through  C7  are  known  constants  depending  on  material  properties,  geometry  and 
node  spacing,  and  all  quantities  on  the  right  side  are  evaluated  at  the  previous  time. 


3.  Energy  balance  for  the  Insulated  wire  nodee 

Qn-1-<»I  "i"  Qflen  ■“ 

dt 

where 

Qr-i-hi  =  K  a  (Tu.,  -  T^) 

L 

Qn+i-*«  =  K  a  (T^+t  ■  "^n) 

L 

Q|»hn  A^  n"iH  ■  "I'n) 

L 


dE  ^  /»VCp(T,,-TJ 
dT  At 

Substitution  and  solving  for  gives 

T,n  =  T„  +  [C8  (Tn.i  +  T„.,  -2TJ  +  C9  Cr«  -  TJ  +  CIO  A  t 

Where  C8  through  C10  are  known  constants  and  all  temperature  values  on  the  right  side  of  the 
above  equation  are  known.  Note  that  Is  the  temperature  of  the  insulated  wire  node  N,  At 
seconds  after  the  temperature  is  equal  to 
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4.  Energy  balance  for  the  nodee  In  the  Insulation 


Energy  balance  on  node  'IN" 

Qt(+1-«IN  +  QpHN  ■*"  QfMN  =  dE 

dT 


Where 


~  KA  (Tim-i  •  Tjg) 


—  KA  (T|n+,  •  Tg|) 


OpHN  “  ^  Of  ■  ^w) 


QtMM  —  K  A^  (Tn  *  T||J 
L 

dE  ^pVCp(r„„-TJ 
dT  At 


Substituting  and  solving  for  gives 

T,„  =  T„  +  [Cl  1  (T^,  +  -2TJ  +  C12  (Tp  -  TJ  +  C13  (T„  -  TJ]  A  t 


Where  K  Is  the  thermal  conductivity  of  the  Insulation  material. 

A  is  the  insulation  cross  section  area. 
p  is  the  density  of  insulation  material. 

Cp  is  the  specific  heat  of  insulation  materiai. 

V  Is  the  volume  of  insulation  material  associated  with  one  node. 

Ap  Is  the  circumferential  area. 

C11  through  Cl  3  are  known  constants. 

T„n  is  the  temperature  of  node  IN  At  seconds  after  the  temperature  = 
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5.  Energy  balance  for  the  reference  Junction  nodes 

The  reference  junction  (block)  Is  assumed  to  be  the  junction  between  the  thermocouple  wire 
and  a  large  mass.  It  is  assumed  that  the  block  temperature  remains  at  a  constant  ambient 
temperature.  It  should  be  noted  that  connections  to  pass  the  required  current  for  the  model's 
LCSR  test  are  made  to  the  bare  wire  adjacent  to  the  junction  so  that  no  I^R  heating  occurs  in  the 
reference  junction. 

Energy  balance  on  node  "J" 


"I"  Qr 


=  dE 


dT 


Where 


Qj.iho=  KA(T,,-TJ 
L 


”  2Kpi.Aa,  (Tj*,  -  Tj) 

u 


QpiukK)  ~  C^F  ■  Tj) 

=  /I  Cp  V  (properties  are  of  block) 

dt  at 


The  final  equation  for  the  reference  junction  temperature  is  as  follows; 

Tj,  =  Tj  +  (C14  (T^,  -  L)  +  C15  (T,  -  TJ  +  C16  -  TJ)  at 

Where  Cl  4  through  C15  are  known  constants.  "BL"  subscripts  are  for  the  block.  All  other 
subscripts  are  listed  previously. 
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11.5  Thermocouple  Model  Results 

To  date,  the  model  has  been  successfully  used  to  predict  results  for  several  cases. 
However,  because  of  the  uncertainty  in  determining  the  convection  heat  trartsfer  coefficient  'h", 
It  is  difficult  to  match  measured  results  perfectly.  Figure  1 1 .5.1  shows  actual  versus  model  results 
for  a  plunge  lest  of  an  exposed  Junction  thermocouple.  Other  examples  are  provided  for  the 
following  cases: 


1.  Typical  model  plunge  tests  using  different  values  for  the  heat  transfer 
coeHIcient  (Figure  11.5.2).  This  figure  is  intended  to  illustrate  how  differing 
heal  transfer  coefRcienls  will  affect  time  constant  results.  Note  all  other 
variables  were  held  constant,  and  a  type  "1C  thermocouple  was  used. 

2.  LCSR  transients  for  a  type  "K"  thermocouple  using  differing  values  for  “h" 
(Figure  11.5.3). 

3.  LCSR  transients  for  a  type  "K"  thermocouple  using  different  wire  sizes 
(Figure  1 1 .5.4).  This  figure  is  intended  to  illustrate  how  different  values  for  the 
thermocouple  wire  diameter  will  affect  the  transient  response.  The  wire 
diameters  were  0.25  mm  and  0.51  mm. 

4.  Typical  LCSR  transients  for  type  E,  J,  and  K  thermocouples  using  constant 
nominal  thermocouple  parameters  (Figure  1 1 .5.5).  Note  that  the  differences 
in  the  curves  are  probably  due  to  different  values  of  thermal  conductivity  for 
each  of  the  thermocouples.  The  transients  doni  appear  to  reach  final  values 
due  to  heat  transfer  along  the  extension  wire. 
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Figure  1 1 .5.1 .  Model  Versus  Actual  Plunge  Test  Results. 
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Runge  Test  With  Differing  Values  of  h 
Generated  By  Modeling  Program 


DVS01QA-01A 


Figure  1 1 .5.2.  Modei  Piunge  Test  ResuHs  Using  Different 
Heat  Transfer  Coefficients. 
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LCSR  With  Differing  Values  For  h 
Generated  By  Modeling  Program 

DVS007A-01A 


Figure  11 .5.3.  LCSR  Transients  for  Type  "IC  Thermocouple  Using 
Different  Values  of  'h". 
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LCSR  With  Differina  Wire  Size 
Generated  By  Modeling  Program 

DV5008A-01A 


Figure  1 1 .5.4.  LCSR  Transients  tor  Type  "K"  Thermocouple  Using 
Different  Wire  Diameters. 
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APPENDIX  A 

Thermocouple  Listing 
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Thennocouple  Characlenslics  Table  {Page  1  of  Z) 


Taa  » 

>.D.(in) 

non  R 

ns.  R 

mi 

C  Quick 

IB 

ih _ 

0.61 

200  K 

AFji2 

(  Quick 

IB 

Jil _ 

0.53 

40  M 

AF1I3 

K  Quick  CND-JNC 

18 

1/4 

0.45 

n/a 

mi 

K  Quick 

13 

1/4 

0.65 

25  U 

mh 

C  Quick 

IB 

Hi _ 

OPEN 

>100  G 

Ar#6 

K  Quick 

20 

3/16 

0.69 

200  K 

AF«7 

K  Quick 

20 

3/16 

0.66 

500  M 

AFUB 

K  Trans  36" 

20 

3/16 

2.27 

1.5  M 

AFiTO 

K  Quick 

23 

_ 

1.46 

10  M 

AFilO 

K  Quick 

23 

1/8 

1.67 

15  M 

AF«11 

K  Quick 

23 

1/8 

1.58 

1  M 

AP«13 

!(  Trans  40"  Bent 

23 

_LZg _ 

3.55 

n/a 

AFi!13 

K  Quick 

30 

1/16 

3.11 

4  M 

AF«14 

K  Quick 

Flex 

1.72 

n/a 

AFK15 

K  Quick 

Flex 

n/a 

AFiHie 

K  Quick 

Flex 

1.2 

n/a 

AFjfl? 

K  Quick 

Flex 

4.83 

n/a 

AFIIB 

K  0-mini  EXP-JfC 

0.053 

113.4 

200  K 

AFlilQ 

K  No  CON  EXP-JNC 

0.053 

AF#20 

K  0-mini  EXP-JNC 

0.052 

111.4 

150  K 

AFiEl 

K  O-mini  CND-JNC 

D.Q53 

264 

n/a 

auzz 

K  Q-mini  EXP-JNC 

0.16 

11.6 

200  K 

AF{^3 

K  O-mini  EXI^JNC 

0.16 

10.9 

350  K 

mzi 

K  Q-mini  CND-JNC 

0.052 

14 

n/a 

mzt 

K  Q-mini  CND-JNC 

0.052 

13 

n/a 

AFK2B 

E  Trans  40" 

20 

3/16 

2.87 

40  U 

AFlf27 

E  Quick 

20 

3/16 

0.79 

35  H 

AFiKEB 

E  Quick 

20 

3/16 

0.77 

10  M 

AFi^a 

E  Quick 

23 

1/a 

1.57 

30  M 

AFIOO 

E  Trans  31" 

20 

1/8 

4.38 

90  M 

AF«31 

E  Quick 

30 

1/16 

6.13 

300  M 

AF<1!32 

T  Trans  40" 

20 

3/16 

1.62 

13  M 

AFiil33 

T  Quick  CND-JNC 

20 

3/16 

0.47 

n/a 

AFS34 

r  Quick 

20 

3/16 

0.41 

3  M 

AF#35 

T  Quick 

30 

1/lB 

3.07 

10  G 

AFiSafi 

I  Trans  29" 

20 

3/16 

1.47 

10  G 

AF«17 

I  Quick 

20 

3/16 

1.03 

6.5  M 

AFitOB 

J  Quick 

24 

1/8 

1.26 

6  M 

AF1I39 

J  Trans  51" 

20 

1/8 

2.78 

10  M 

AFifAO 

J  Quick 

30 

1/16 

3.29 

1.2  M 

Cunenl  as  of  Mav  17.  1990 
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Themwoouple  Characteristics  Table  (Page  2  of  2) 


AFHl 

E  Dual  PH  assmix 

1/4 

■■C9! 

10  c 

AFUZ 

r  Dual  PH  assmb. 

Mi _ 

n/a 

fiFM 

E  Quick 

30 

1/18 

_ §i- 

20  U 

AFjtM4 

E  Quick 

la 

1/4  - 

400  K 

AF«45 

E  Quick 

30 

T/16 

7.2 

7  G 

AFiH6 

I  Quick 

16 

1/4 

miinQy 

1.5  H 

AF«47 

]  Quick 

30 

1/16 

3.75 

ID  G 

AF<I48 

1  Oukk 

30 

MKsm 

4 

20  G 

Af#49 

K  Quick 

30 

1/16 

5.B 

20  M 

AFtSISO 

K  Quick 

30 

5.8 

20  G 

AFiei 

E  Quick  BXP-JNC 

30 

1/16 

6.3 

4.0  M 

AFjfb2 

1  Quick  EXP- JNC 

30 

T/To 

1.2  M 

Current  as  of  Mav  17.  1990 


200 


T*8  # 


DaMripUon 


AFC  #01 

Typ«  K,  6  mm  dlainatar,  8S  thaath,  itandard  llmiti  ct  calibration 

AFC  #02 

Typa  K,  5  mm  diamaler,  88  ahaath,  aUndard  IlmlU  of  calibration 

AFC  #03 

Typa  K.  3  mm  diamatar,  88  ahaath.  atandard  llmha  of  calibration 

AFC  #04 

Typa  K,  2  mm  diameter,  88  ahaath,  atandard  llmha  of  calibration 

AFC  #05 

Typa  E,  6  mm  diameter,  88  ahaath,  atandard  limita  of  calibration 

AFC  #06 

Type  E,  5  mm  diamatar,  88  ahaath,  atandard  limita  of  calbraHon 

AFC  #07 

Typa  E.  3  mm  diameter,  88  ahaath.  atandard  limita  of  calibration 

AFC  #06 

Typo  E,  2  mm  diamatar,  SS  ahaath.  atandard  Hmha  of  calibration 

AFC  #00 

Type  J,  6  mm  diameter,  98  ahaath,  atandard  limita  of  calibration 

AFC  #10 

Typa  J,  5  mm  diameter,  88  ahaath,  atandard  limito  of  calibration 

AFC  #11 

Type  J,  3  mm  diameter,  SS  ahaath.  atandard  IlmiU  ol  calibration 

AFC  #12 

Type  J,  2  mm  diameter,  SS  ahaath,  atandard  limito  ol  calibration 

AFC  #13 

Typa  K,  3  mm  diamatar,  SS  ahaath,  cal  limito  uncertain  (ahippad  aa  apeoial) 

AFC  #14 

Type  J,  3  mm  diameter,  SS  ahaath,  cal  limito  uncertain  (ahippad  aa  apacial) 

AFC  #15 

Typa  K,  3  mm  diamatar,  SS  ahaalh,  apacial  limita  of  caHbrallon 

AFC  #16 

Type  E.  3  mm  diamaler,  SS  ahaath.  apacial  limito  of  calibration 

AFC  #17 

Typa  J,  3  mm  diameter,  SS  ahaath,  apacial  limito  of  calibration 

AFC  #16 

Typa  K,  3  mm  diameter,  SS  ahaath,  apacial  limito  of  calibration 

AFC  #19 

Typa  E.  3  mm  diamatar,  SS  ahealth,  apacial  limito  of  calibration 

AFC  #20 

Typa  J,  3  mm  diamatar,  SS  ahaath,  apacial  limito  of  calibration 
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Thermocouple  Modeling  Program  Source  Code 
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'  profrM  ruM  ift  TCMDCt.lAS 

'ThU  progrMi  •nalyt«i  a  bara  /wwTten  tharaoeoi^la  undarvoinf  an  LCSI  or  pltaiga  taat 

*  eurva  fU  taehnl^jat  for  a  first  ordar  ayataa  ara  uaad  to  sat  t<aacor»tar>t 

*  rNC  two  TNCRNOCOUPa  yiKS  ME  IKRTIFIEO  AS  WIRE  A  AMO  WltC  • 

*  1  •  tVSUUTIOM.  i  »  NEASUtiRO  JUMCTIOI,  I  >  REFEREMCE  JUMCTIOM 

I 

*  ModHIcatlem: 

*  8/13/90  If  tha  junetlor  diaaatar  U  tha  laaa  at  tha  alrt  aiia« 

*  than  tha  Junction  it  aodalad  at  a  cylindar.  OtharMita, 

*  than  Juctlen  It  aedalfd  at  a  tphara 


DECLARE  SUB  RlotTroralant  (BavicaOrivarMaaaS*  DavicaNaaaS.  Rl<),  Tl()) 
DECLARE  SUB  Daf InaTattParaaa  () 

DECLARE  SUB  ErrorMaR  (RoutinaNuril,  lERRl) 

DECLARE  SUB  (orMtStrinsNuMo  (VakuaB,  Rm^lacatS) 

DECLARE  SUB  CatKayttroka  fKayvalB) 

DECLARE  SUB  SaloctNaatXfar  () 

DECLARE  SUB  SaloetModtl  Cl 
DECLARE  SUB  TCOiROTitiem  (} 

DECLARE  SUB  UritaModalTofila  () 

COBOM  SMMEO  /TOrepartiet/  KPotl,  CpPotl,  ihoRotl ,  KNast ,  CpMasi,  RhoBapi 
COMMQM  SNMEO  /TCTypat/  TCtypaS 

COMON  SHARED  /TastParam/  iMBttX.  Dattafiiaat,  flLananaS,  PlunsaX 

COBOI  SHARED  /TattPtraadS/  Startrai^t.  Bathraapl.  liwartaLani,  A^rasa' 

COPOga  SHMED  /TattParaaiaS/  TlMOfApplfcationl«  KaapMaatUpX,  LanlnTatUraal 

COWHOM  SHARED  /intuiPropartiat/  Ktntutl«  CpInauU.  tholnault 

COMMON  SHARED  /tatf ttivlty/  RttPotR.  RetNasS 

COMMON  SHARED  /Dlannaiona/  UlraOiaail,  JwKtlarPiMl,  Intulfhlcfcl 

COMMON  SHARES  /Largtht/  ArtalLani,  AraaALanI,  TetalLani 

COMMON  SHARED  /HaatXfar/  Araa1N1l<  AraaZHTI.  Araa3MTI«  AraaiHT(«  JunetionHI' 

CCMNOH  SHARK)  /Nodalnfe/  ModtBitaAraa1(«  NodaSiiaAraaZi ,  NodaSUaAraaSl 

COMMON  SHARED  /HodaInfe2/  RodMlzaAraaAl ,  NodailrNiraalX,  NodatInAraaZX 

COMMON  SHARED  /NodBinfo3/  NodaalnAraaSX,  NodatInAraaAX.  AraalStartHodaX 

COMMON  SHARED  /NodtInfoA/  ArtaZStartBodaX,  AraaSStartNodeX.  AraaASUrtNodaX 

COMMON  SHARED  /TiMtConat/  TtHECON.  T|P«C1 

CONST  TRUE  ■  ‘1 
CONST  FALSE  •  0 

DIM  SHARED  TCOiaaCS)  AS  STRING  •  9 
DIN  SNMEO  Naatlftr(S)  AS  STRING  *  7 
DIM  SNMEO  Par«M(6)  A$  STIiaC  •  A 
DIM  SNMEO  TfipBCS) 


*  Salaet  typa  of  tSaraaKQuoLa  to  ba  aodalad 

* 

CALL  SaLactModel 


'  Dafint  tha  diawnalona  of  tha  thanaocoupia 

t 

CALL  TCOiiaanaiona 

t 

*  Salaet  haat  tranafar  eoafflelantt  for  tha  oedal 
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CALL 


raMininf  last  pariaatara 

I 

CALL  DaffnaTtatParaaa 

WlraAad<ual  •  WiraOlasI  /  2 
Junctfontadiual  ■  JunctlorAiaal  /  2 
ModHixaAraaii  •  10  ■  WirrtiMl 
ModtSitaAraall  a  ii{raOi«ri 
19  AraalLani  /  ModtCliaAraan  >  10  mu 
HodafiliaAraall  •  5  •  UiraOlBBl 
EMO  if 


*  Dallna  Itodt  aizaa  for  rt9f«na  2  and  3 

Modatiz«Araa2l  •  .5 
NodaSiMArooSi  •  11 


•  InliUlita  varlablaa  dtpanding  on  tatc  typa 
triAOl  •  0:  IfLAtt  •  0:  iloop  •  0:  at 

if  TNfH 

I  FUG  •  0 

Aaparaoal  •  0 

Araa2Lanl  ■  iMartaLani  •  AraalLant 
ELSf 

IFLAG  a  1 

lacbranpl  ■  StariTaapt 
Ar«a2Lanl  ■  LanlnTattAraal  -  AraalLani 
ENO  IP 

TF1  ■  StartraapI 
TF4  ■  Itartraapl 

IF  AraaZlw^l  <  G  TNOf  AraaElanl  a  0 

Arta3Lan(  ■  TotaUanl  •  AraaLLani  *  LtnlnTaatAraai 

OodMlnAraalX  ■  INKAraalLanI  /  NcdaS i zaArtall ) 

NodaainAr«a2K  ■  IHT(Am2Lanl  /  ModaSItaAraaZI) 

ModaalrWIraaSX  •  IIIT(AraaSLanl  /  dedaOizaAraaSI ) 

NodtatrairaaLX  •  IRKAraaALani  /  dodrt t zaAraa4 1 ) 

araalStarcifodoX  ■  1 
ArtaZStartNodaS  «  NodaalnAraaU  ♦  1 
AraaSlcartiodaX  •  HodaalnArtalX  ♦  aodaalnAraa2X  *  1 
AraaAStartModaX  ■  ModaalnArtalX  ♦  ModaalnAraa2X  *  oodaalnAraaSX  ♦  1 

REAP  ULK,  CILK,  IHQIU.  0«J«  LRJ  'REF  JNC  IIOCX 
DAIA  30,  .15.  600,  .75,  .5 

SaaplaHutf  •  0 
IRJ  a  ORJ  /  2 

OSA  a  .1661  *  A^raoal  *  2  *  RatPoaf  /  ulraRadluai  *  A 

OSO  a  o$A  •  EatNagt  /  RttPoaO 

RESJ  a  <iaaPaai  «  ItaNagd)  /  2 

RIFF  a  (Wlraiadiual  ♦  JactlonRadluai)  /  2 
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OSJ  •  .1M1  *  Aaptraotl  *  2  •  <£iJ  /  Juvttenlsdlijit  *  A 
KJ  •  (ICPMl  *  KNtfll}  /  2 

cpj  •  (cp^i  *  cpunn  /  2 

KMOJ  •  (Iho^Ml  *  RhoH««l)  /  2 

NTOt  ■  HedtflrArvalt  *  NodMlnAraaZX  •  NodaatnAraaSX  *  HodaalrWkraafcX 

«D:H  SNARfD  TAKRTOT  *  1>,  T|i<llTOT  «  1) 

REDIN  SNARED  TIAKRTOT  «  1).  T1II<HT0T  *  1) 

tCDIN  SNARCO  tAIKNTOT  *  1),  TI1IINTOT  •  n 

RCOIN  SHARED  IIAlUNTOT  ♦  1),  TIIIKITOT  »  1) 

RCDIN  SHARO  1aNpa> (MuiRta  ♦  S>.  TltwIdM^ttS  «  S) 

FOR  I  •  2  TO  NTOT 

TAt(I)  ■  ItartTaiVf 
Tll(l)  •  StartTaapt 
TIAI(I)  ■  StirtTaaof 
TIlUt)  ■  StartTaaoi 
NEXT  1 

TJ  •  StartTaapi 
TRA  •  itartTaapi 
TRS  •  SiartTaapt 


. .  •^ARANETERI  FOR  lOUATIONS  IISTCO  KlOy ■■*****••****— —*•***********•** 

COA  ■  .OA  •  KPoal  /  (RhoRMf  *  CpRotl) 

COi  •  .OA  •  KMafl  /  (RheNafl  •  CpNtfl) 

COI  ■  .OA  *  Klntult  /  (Rholraull  *  Cptnaull) 

CORl  •  .OA  •  OiK  /  IRNOOIK  *  CIU  *  LRi  **  2> 

CRAI  •  .00*67  •  AraallTI  /  (RhoPeal  *  CpPoal  •  yiraRadiual) 

CNRI  •  .00667  •  AraaiNTI  /  (RhoNasi  *  CpRagI  *  UfraRadiual) 

CMAA  ■  .00667  •  AraaAHTI  /  (RhoPeaf  *  CpPoal  •  MiraCadiual) 

CURA  ■  .00667  •  AraaAHTI  /  (RhoNaQi  *  Cppagl  •  yfraRadlual) 

CUNA  •  .OA  •  KImult  •  ImulThiekI  /  •  CpPoal  •  yiraRadlual  *  2>  *  LOa<1  *  InaulThickl  /  < 

2  •  yiraRadlual))} 

CVM  ■  .OA  •  Klniuil  *  imuinifekt  /  ((Rhoiiagf  •  CpNaol  *  ulraRadiual  *  2)  *  L00(1  ♦  InauiTfiUkl  /  < 
2  •  yiraRadlual))) 

IHVC  ■  (2S  •  RholnauK  •  Cpinaull  *  <2  *  yiraRadlual  *  InauiTRIckl  •  tnaulThlckl  *  2)  *  L06((ViraRad 
lual  «  traulTMckI)  /  (VlraRadluat  *  InaulThIckI  /  2)>  /  (2  *  RInauU)) 

tHVC2  «  300  •  Rholnauti  *  CpInauM  •  <2  •  VlraRadlual  ■  IrauITTiIck)  «  InauITTiIckI  '  2)  /  (2  •  AraaTM 
T|  •  (yiraRadlual  *  tnaulThlckl)) 

CaM2  •  1  /  (INVC  |IIVC2> 

INVC3  •  (300  *  Rholnaull  *  Cpinaull  *  (2  *  yiraRadlual  *  InaulThlekl  •  tnaulThlckl  *  2)  /  (2  •  Araal 
MTI  •  (VlraRadlual  ♦  tnaulThlckl))) 

COM3  •  1  /  (IMVC  *  1NVC3> 

CtM  •  .06  •  KInaull  /  (Rholnaull  •  Cpinaull  •  (2  •  VlraRadlual  •  tnaulThlckl  «  tnaulThlckl  2)  *  10 
0(1  *  tnaulThlckl  /  (2  *  VlraRadlual))) 

RAV  ■  (RKcPoal  «  IhoHagl)  f  2 
CAV  •  (CpPoal  *  CpNagl)  /  2 

IF  A6S((JunctlarRadiua|  •  ViraRadliMl)  /  UlreRadfiMl)  >  .01  TNEH  'Nodal  aa  apliara 

C4A  •  (.06  ■  KPoal  •  ViraRadiutI  *  2)  /  (RAV  •  CAV  •  NodaSizaAraall  •  AnctlonRadlual  *  3) 

CJI  •  (.06  •  KNagl  *  VlraRadlusI  *  2)  /  (RAV  *  CAV  *  NodaSicaAraall  *  Apctlonladlual  *  3) 

CJM  •  (.01  *  JUWtlonNTI)  /  (lAV  •CAV  *  JnwTlonRadiuai) 

SLOE  'Medal  at  a  cyllndtr 

CJA  •  (.08  •  KPoal)  /  (RAV  •  CAV  •  MedaSiiaAraall  *  2) 
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CJI  •  (.os  *  »••«()  !  (UV  *  CAV  •  HodrtfiMrMK  *  2) 

CJ«  •  ((.01  •  AKtlonffl)  t  (lAV  *  CAV  •  JuTKCfcrAAdliMl))  /  S 

£M>  IF 

CIA  •  (.OA  •  KiMl  •  U<r«t«d<uif  *  2)  /  (INQIU  •  CIU  •  Ui  *  MJ  2) 
CIS  ■  (.OA  *  KN»gl  •  UlrMadlJll  2)  /  (IHOIU  *  CtU  •  LRJ  *  MJ  *  2) 
CWIL  •  .00533  *  ArtaAMTI  •  Ulratadluil  /  (SHOSLK  •  CIU  *  UJ  •  IIJ  ^  2) 


IK  •  0:  SUNI  •  0:  SUHa  •  0:  tUN3  ■  0:  SUM  •  0:  OOC  ■  1 


*  Ccefficlanta  for  dlffaranc*  aquatiora 


C1I  •  CJA 
C2I  ■  CJI 

C3i  «  11  /  (lAv  *  av) 

CAI  ■  CJN 

CS(  -  CQA  /  HodaSixaAraalt  *  2 
C6I  ■  II  /  (IhoPoal  *  CpAotl) 

C7I  -  CMA1 

CSI  •  COS  /  HedatiiaAraall  *  2 
C9I  -  II  /  (Ihelafll  •  CcMtfll) 

C10I  ■  CMI 

cut  *001/  ModaSit«lraa2t  *  2 

C12I  •  OMA  /  Ara*2Lanl 

C13I  •  COS  /  lMida«UaAraa2t  *  2 

CHI  •  OM  /  Araa2Lanl 

C13I  »  (901  /  i»odtSUaAraa2l  *  2 

CHI  ■  com 

C17I  •  CIM 

C18I  *001/  NodaSUaAraaSi  *  2 

C19I  •  CWKA  /  AraaJLanl 

C20I  ■  CCS  /  NodaSUaAraaSi  *  2 

C21I  •  CWNS  /  Araa3Lanl 

C22I  ■  COI  /  NodafliaArtaSI  *  2 

C23I  ■  ccm 

C2AI  ■  COA  /  NedtSlxaAraaAl  *  2 
C2SI  -  CNAA 

C26t  •  CCS  /  NodaSUaAraaAl  *  2 
C27I  a  CMIA 

TlaaCcnacantFoirdl  a  q  «  Falaa 
OPCM  fUartMaS  «  ".OAT"  FOK  OIHUT  AS  •! 

FOI  SMploNiflC  a  0  TO 

t  aaaaaaaaaaaaaaaaaaaaaaajgucTioii  TPrOATUSt . . . 

TJ1  a  TJ  ♦  <C1I  •  {TAK2)  -  TJ>  ♦  C2I  •  <TII<2)  -  TJl  ♦  OSJ  •  CSI  •  CAI  •  (BBthT«a>l  -  TJ»  *  0«» 
taTiMl 

TA1I(2»  ■  TAI(2>  *  (C5l  •  (2  •  TJ  ♦  TAI<5>  *  3  •  TAI(2)>  ♦  OSA  •  C4I  ♦  C7l  •  (BathTaa^l  ■  TA1(2» 
>  •  DaltaTiiaal 

TB1I(2)  ■  Tll(2}  •  (CSI  *  (2  *  TJ  ♦  TII(S>  •  3  •  TBI(2))  ♦  OBI  •  091  «  C10I  •  (SatftTaiVl  •  rsi(2) 
))  •  DaltaTiaal 

UKITf  fl.  •  BaUaTlaal,  TJ 

UXATC  12.  23 

MINT  USING  "Calculatins  S«q)la  MWi  of  MMW";  SaapLaNiirt,  Nui^tik 
LOCATE  13.  U 

miNT  USING  *At  SM.Mif  aac_.  **;  SaaplaiaM  •  DaUaTM; 

MINT  USING  "tha  Junction  Taivaratura  U  JNMi.NI  F";  TJ1 
»  LOIV'SAIE  Ullf  NEKT  TO  JIC*' 
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FOi  l  •  S  TO  vodeiir^rMll 

Mlicn  ■  TAt<|)  *  (C$1  •  ITAUI  ♦  11  ♦  T*l(|  •  1J  •  2  •  TAKD)  •  WA  •  C6I  ♦  C7l  •  (MthTM^ 
I  •  TAI(1)»  *  Otltanotl 

rilt(l)  ■  Tll(t)  *  (CSI  •  (TIKI  ♦  1)  «  TIKI  «  1)  •  2  *  TIKI))  «  Oil  •  C9(  ♦  C10(  •  (••thTMi 
pi  •  TIKI)))  ■  &«ttaTlinil 
I8XT  1 

,  LO(»-INSUUTtD  WIIC  IHSIOC  TfST  EKVt— 

FOt  I  ■  «rM2SttrtMod0X  TO  ArtaSitartHodaX  >  1 
TUKHodaatrWkrMiX)  •  TIAKlodtalnAraalX  ♦  2) 

TAIKU  •  TAKl)  ♦  (C11I  ■  (TAKI  ♦  T)  ♦  TAKI  -  1>  -  2  •  TAKU)  •  OSA  •  C*l  ♦  C12l  •  (TIAKI 
}  -  TAKt»)  *  PaltaTlMl 

TIIKI)  ■  TIKI)  ♦  (C1SI  •  (TIKI  ♦  1)  ♦  tiki  -  1>  -  2  •  TlKDl  ♦  Oil  •  COl  •  CUl  •  (TIIt(l 
)  '  TIKI»)  *  OaltaTlMl 

TIAIKU  ■  TIAKI)  •  (C15I  •  (TIAKI  ♦  1)  ♦  TUKI  •  1)  •  2  •  TIAKD)  ♦  C16I  •  (MthTa^l  -  T 
lAKDl  ♦  C17I  *  (TAKI)  •  TIAKDll  *  PtItafiMt 

TII1KI)  •  TllKl)  *  (C15I  •  (TIIKI  ♦  1)  *  TIIKI  •  1)  -  2  •  T1IKI»  •  CtAl  •  (latnT«api  -  T 
[IKID  *  C17I  •  (TIKI)  -  TIIKI)))  •  OaltartBBl 
mT  I 

*  . .  tOOA-JIIUUTfO  WIK  OUTSIK  »t$T  Eirtf-******^***** 

FOR  I  ■  Araa$StartN«daX  TO  AraMStirtHodtX  •  1 

TIAKAraaAStartllodaX}  •  TlAKArMAStartNodaX  >  2) 

TA1K1)  ■  TAKI)  *  (C16I  *  (TAKI  *  1)  «  TAKI  ■  1)  •  2  *  TAKD)  ♦  OSA  •  Cll  <•  Ctfl  •  (TIAKI 
)  •  TAKI)))  *  OaltaTlnat 

TIIKI)  •  TIKI)  «  (C20t  •  (TIKI  I)  *  TIKI  •  1)  •  2  *  TIKI))  ♦  OSI  *  C9l  «  C21l  *  (TIIKI 
)  •  TIKI)))  *  OaltaTlMi 

TIAIKI)  ■  TIAKI)  ♦  (C22I  •  (TIAKI  •  1)  •  TUKI  •  1)  •  2  •  TIAKI))  ♦  C23l  •  (Tf*  •  TIAKI) 
)  *  CITI  •  (TAKI)  *  TUKI)))  *  DaltaTlatl 

TII1K1)  -  rilKI)  •  (C22I  •  (TIIKI  ♦  1)  ♦  TUKI  -  1)  •  2  •  TIIKI))  ♦  C23I  •  (TF4  •  TUKI) 
)  ♦  C17I  •  (TIKI)  *  Ttll(l)))  •  PaltaTiaal 
ICXT  I 

I  . . .  lOOI-IAAf  UIH  ICXT  TO  IfF 


KO  ■  1 

FOR  I  •  AraaittartModtX  TO  ITTOT 
IF  I  <  (HTOT  /  2)  TH€N  GOTO  7000 

KO  -  0  'CURRENT  LEADS  AHACHED  TO  lARE  t/C  WIRE  MTUCEM  ICF  JNC  AMD  IHSULATtON 
7000  1AKMTOT  «  1)  >  TU;  UKNTOT  *  1)  -  TM 

TAIKI)  ■  TAKI)  •  (C2*l  •  (TAKI  ♦  D  •  TAKI  ■  1)  •  2  •  TAKI))  ♦  KO  •  OSA  •  C4I  ♦  C25!  •  (T 
FA  •  TAKI)))  *  OaitaTlMl 

TIIKI)  ■  TIKI)  •  <C26I  •  (TIKI  ♦  1)  •  TIKI  -  1)  ■  2  •  TIKI))  *  ICO  •  BSI  •  *  C27I  •  (T 

FA  *  TIK1)»  •  DaltaTIwi 
NEXT  I 


TRA1  •  TRA  «  (CRA  •  (TAKNTOT)  •  lU)  *  (OSA  *  WlraRadiURl  *  2  *  NodaSIzeAraaAl )  /  (RhoRotl  •  ZfP 

oaf  *  RRJ  *  2  *  LRJ)  «  (COM.  *  CMIL  *  AraaAltni)  •  (TFA  •  TRA))  •  ItitaTIml 

TRI1  ■  TRI  ♦  (CIS  *  (TIKRTOT)  •  TRI)  •  (Oil  *  WireRadiufI  *  2  *  ModaSUaAraaAl)  /  (RhoMaol  *  CpH 

a|t  •  RRJ  *  2  *  LtJ)  «  (COM.  «  CNIL  *  Ar«aALant )  •  (TFA  •  TRI))  •  DaltaTiM) 

•  •••••••••••••REDEFINE  VALUft  FOR  NEXT  . . . 

TJIK  •  TJt  TJ  •  Till  TRA  •  TRAl:  TRI  •  TRI1 
FOR  I  •  2  TO  MTOT 

TAKI)  •  TAIKDi  TRKI)  ■  TUKI) 

TIAKI)  ■  TIAlKDi  TIIKI)  •  Tilll(l) 

NEXT  I 


#  . .  TIW  . . 

IF  NOT  liaaConatantFoundl  THEN 

IF  PlurteaA  THEN  '  ClIculaT#  IfMt  aouaraa  and  .632  t1a»  csnatvita 
MR  •  AIS((T2  •  laChTaapK  /  (StartTsiVl  >  UthTaivI)) 
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tr  rtf  <»  .a  fNfN 
ir  tPLAca  <  10  TicM 

TIT  >  Tii  ro  •  SM^leNi^a:  IPLAGS  •  10 
CM)  IP 

IP  rtf  >■  .SS  THEN 

rtf 2  •  tft<(TJ  •  l•thr■lipt)  /  (■•thTMpI  •  TIT)) 

%my  •  SUH1  *  icc<rM2) 

smi  m  SUH2  «  OrltaTlMl  *  •  PO) 

SlflS  •  aro  «  (StfpItNutf  •  ro)  •  OrltaTlarl  •  L0S(rM2) 

AM  «  SUM  «  ((iMplaNtaM  •  PQ)  •  OrluTtarl)  *  2 

. . riwiCOM  USINC  .OK . 

IP  PM  ca  .SOa  tfO  IPLACS  <  3  TMCM 
TtMECI  •  iMptatKtfl  •  0«lur<atli  IPLMS  •  S 
EHO  IP 
U  •  IK  *  1 

ilSE 

TlNfCOM  ■  a$((lK  •  UM  •  aM2  -  2}  /  (IK  •  9UN3  •  UPC  •  &JN1» 
TiwCanrtantPardX  •  *1  't«t  te  trut 
CM)  IP 
CM)  IP 

ILK  MC  Mt  an  LC9R  tIauUlion 

IP  S4Hv(«HktfL  •  0«lt«Tia»»  »  TlMOfAppllMtianl  TNOI  'Currant  la  off 
IP  IPLMI  *  &  TNCH  *  Pirat  alap  uith  no  currant 
Ota  •  0:  Qtt  •  0:  OSi  •  0 
TJPK  ■  Tj:  I  LOOP  ■  It  IPLtfl  ■  a 
IND  IP 

PMI  •  tft<(TJ  -  tathrMpI)  /  (TiPK  •  laUtTaitfl)) 

IP  Ptfl  <a  .a  TICN 

IP  IPLA09  <  7  THCN  *Pfrat  point  ultfiln  tha  wirrieu 
TIT  ■  TJt  PO  ■  iMpItfiaPI:  IPUC9  •  15 
CHO  IP 

IP  Ptfl  »•  .2  THEM 

PM2  >  ((TJ  -  lathiMpI)  /  irST  -  lathToapD) 

SUH1  •  SUII  ♦  L06<PM2) 

AM  •  AM  ♦  OaltaTloal  •  (ta^alaNitfl  •  PO) 

Stf(3  •  SUM3  ♦  (SaMlMuK  •  PO)  •  OaltaTiMl  •  LOC(Ptf2) 

StfH  a  SUM  ♦  «SaaplaNi«A  •  PO)  *  OaltoTlatl)  *  2 
IK  a  IK  *  1 
ILK 

riMICOH  a  AaS((|K  *  SUM  -  SUII2  *  2)  /  (IK  *  SUH3  •  AM  *  StMl)) 
rlaaConatantPoundK  •  *1  'Sat  to  trua 
EMO  IP 
CNO  IP 
INO  IP 
Ete  IP 
CNO  IP 

NEXT  SaapItMJiA 
Cl  OK 

CALL  WrItaModalToPUa 
LOCATE  15«  ia 

PKIMT  UtINC  "Tta*  Conatant  ty  Curva  Plitino  la  Ptf.tftf  aac*;  TIMCCOM 

IP  PlinpaK  TMEK 
LOCATE  16.  15 

PtlNT  USING  *Ti«t  Constant  at  63.2%  of  final  Xolut  la  Mf.AitMP  aae*;  TtfCCI 
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fNO  IF 

IF  FltfiftX  AMO  PAR  >  .n  rHFN 

LOCATE  y7f  ISt  PRINT  "TlM  CenttAnc  not  found.  FIttfno  did  not  eonvorfo" 
ELK  IF  NOT  Plunfox  AMD  PARI  >  .2  TNOt 

LOCATE  17,  IS:  PRINT  "TI«t  Conotvit  not  found.  Fitting  did  not  convtrgo* 
IMO  IF 

EHO 


SUE  OoffnoTottPorM 

'  This  sUbroutint  Mies  tho  ump  for  tho  raMining  info  concominR  tho 
'  tost. 


*  6ot  tho  fllonoa*  for  output 

Ansuort  •  •* 

VoUdrUoX  -  FALSE 

LOCATE  2.  17i  PRINT  *Entor  PllonoM  for  Output  (uithout  ontonoionl" 
DO 

LOCATE  S.  36:  PRINT  tPACESfSai 
LOCATE  3,  36:  INPUT  "t  ",  ArwworS 
IP  LEM(Antwtrt)  >  0  AND  iHSTRIAnowort.  •  ••)  •  0  TNEN 
VoHdFUoK  •  TRIE 
IF  INSTKAnsutrf,  o  0  THEN 

Flionmt  •  NIDRlAnowtfR,  I,  lHSTR(Anouorf.  ".•)  •  1) 

ELSE 

FilonMot  •  Anowort 

END  IP 
END  IF 

LOOP  UITIL  VoUdPIloX 


*  Find  out  If  it  Is  LCSI  or  Ptunpo 

4 

LOCATE  6,  SS:  PRINT  *Typo  Of  TMt* 

LOWTE  7,  36:  PRINT  -1>  LCSR- 
LOCATI  a,  36;  PRINT  *2)  PLuift* 

LOCATE  9,  S6t  PRINT  *7  «; 

VollAoyX  -  FALSE 
DO  IPniL  VsIttfCoyX 

CALL  CotK«K«troko(KovVotX) 

IF  Ko/voix  •  49  OR  Koyvoix  •  SO  THEN  'A  valid  koy  um  hit 
PlungoX  ■  0 

IF  Koyvalx  a  50  THEN  P(io>RoX  a  -1 
ValitJCoyX  •  TRUE 
END  IF 
LOOP 


*  Put  masinino  options  and  InltlsllRo  thaa 

OoltaTlMi  •  .04 
NuPta  a  1500 
StartTasp'  ■  1201 
lathTospI  a  72l 
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liMriaitnl  ■  tOt 
LtnlnTtfUrMl  ■  101 
lUiperaecl  •  11 
TiMOfAfpliMtIonI  •  SI 

LOCATf  12,  Ui  MINT  ‘*Tttt  Cviditlont* 

LOCATf  13,  Si  MINI  "Condition"!  LOCATC  13,  74:  MINT  "Voluo" 

LOCATt  U,  Si  MINT  • . "1  L0CAT2  U,  73:  MINT  . . 

LOCATf  IS.  Si  mint  "Tino  IntNrval  (ttO" 

LOCATf  IS,  73:  MINT  UUNC  "M.MT*;  DtltoTlHl 
LOCATf  U,  Si  MINT  "Humor  of  taaploo" 

LOCATE  16.  73:  MINT  USINC  "  MM*";  Nu#ttX 
LOCATE  17,  S:  MINT  *'itorC  Tonporoturo  (f)” 
locate  17,  73:  MINT  UflHC  »  ttortTonpl 

ir  Nitftgel  TICK 

LOCATf  16,  Si  MINT  "toCh  Tofiporoturo  (7)" 

LOCATE  16,  73:  MINT  UflNO  ”  NM.*";  lothToopi 
LOCATE  10.  S:  MINT  Mopth  of  Imoriion  Tinchoo)" 

LOCATE  19,  73i  MINT  UtlM  ■  M.iP';  loonrooLonl 
ELSE 

LOCATE  16,  S:  MINT  "IWFtc  of  Curront  AppUM  (aopN)” 
LOCATE  16,  73:  PNINT  USIN6  **  69.69";  AMportONf 
LOCATf  19,  Si  MINT  "Tim  Curront  It  Appliod  <Me)" 

LOCATt  19.  73t  MINT  USING  •  69.6";  TimOfAppl  Icotlonl 
LOCATE  20,  St  MINT  "LtnQth  In  Ttti  Arot  (inehot)" 

LaATf  20  .  73:  MINT  USIM  "  66.66";  LonlnTottArool 
END  If 


*  Loid  eorriltlont  into  ttrinot  for  odltlng 


Topi  ■  LTNIMlSTtSfOoltoTIml)) 

CALL  Formtltrtn|lKM(Ti^,  3) 

NSET  Pormail)  •  TmS 
Tipi  •  LTHlMdTIKHJlPtAX)) 

ASET  PormMU)  •  Tup! 

Tapi  •  ITNIMKtTNKftortToml)) 

CALL  formtStringNumdopI,  1) 
tSET  PorpKtO)  •  Tapi 
IF  PlungoX  TMEN 

Tapi  •  LTKtMS(STNS(l«ttiToapl)) 

CALL  FenMtStrlr>pili«N(rnpl.  t) 

NSET  foramKA)  ■  Topi 

Tpal  •  LTNINKSTIKIaoKrtcLenr)) 

CALL  formCttrtn«lkM(Topt.  2) 

NCET  PoraapKS)  •  Tipl 
ELSE 

Tnpl  •  LTNINI<STIlS<Aaportool» 

CALL  formtStringNiMCTopI,  2) 

MET  PormoKi)  a  Tapi 

Tips  a  LTNIOI(ST»l(TimOfApplleatfonl» 

CALL  formtSlringlKiatlTopl.  1) 

NSET  PormoKS)  ■  Tapi 

Tppl  ■  LTIINKSTIKLcnlnTottArool)) 

CALL  TormtStrinfNMiTopl.  2) 

NSET  PoraplS(6)  ■  Tipl 
EW  IF 
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*  ^  up  •  (•Qcnd  and  position  to  Cop  of  Hot 

f 

aXM  I.  7i  LOCAtS  JS,  27:  P»IMT  •  ■  •  CNM(27)  ♦  cm<26)  .  ■  ■  *  CMa(2A>; 

wlut  omMS)  •  SAActMii))  ♦  *»'■  tccfK  ■: 

COlO*  1.  7:  LOCATE  H.  7Ji  PtlAI  PtrMAO):  COlOA  7,  1 
LOCATE  «.  7*.  1,  15,  « 

IF  AIwoaX  the* 

NtiDiidl  ■  S 
ILU 

NoxOIrt  ■  6 

END  IP 

Dii#trX  •  1 
OifilPtrt  ■  6 
KnVolX  •  0 
NoWVolX  •  PALSf 
•oodDocioolX  •  TRUE 

00  UlfTIl  Mfyvstx  ■  2S9  'Until  P1  U  Mt 

CALL  Co»or«trotio(K«VV3tt) 

tCLCCT  as  KoyValX 

as  272  *  Up  •rroo  oat  Mt 

NaadtaeinalX  •  TRUE 
IP  MoMValX  TNCN 

ParMf(OiaRtrX)  ■  LTItNKTMpWaltl 
NtHValX  •  PALS 
TaapvalA  •  ** 

ENO  IP 

COLOR  7,  1i  Loan  U  ♦  OlaPtrX.  75:  PRIRT  ParoaatiOlaPtrX) 

IP  Oii^trX  •  I  TSil 
Dl^trX  •  NaxOiiA 
ELS 

OtoPtrX  •  Oii^trX  •  1 
EMD  tP 

DlfitPtfX  ■  6 

COLOR  1,  7:  Loas  U  ♦  Oli^trX,  73:  PRINT  Para«t<DloPtrX) 

COLOR  7,  1:  loare  u  «  oif^eri.  n 

CAS  280  '  Oowt  arrow  waa  hit 

RMtSactiMlX  •  TRUE 
IP  RawValX  TNER 

ParaKS(OiiPcrX)  •  LTRIM(T«Wall) 

RawValX  ■  PALS 
TanNjValt  ■  "  " 

ENO  IP 

COLOR  7,  1i  LOaiE  U  *  Dfi^trX.  73:  PRINT  PBra«*X(OlB^crX} 

IP  DliE>trX  •  HaxOtnft  THEM 
Oii^trX  •  1 
ELSE 

Oli^trX  •  Oii^rX  »  1 
END  IP 

OlRltPtrS  •  6 

caOR  1,  7i  lOaTE  H  *  Dli^trX,  73:  PtIHI  ParMsSOii^trX) 

COLOR  7,  1i  Loan  U  *  Oii#tr%,  78 

CAS  273  'Ltft  arrow  wa«  Ate 
IP  MOT  MtwValX  TSM 
RawvalX  •  TRUE 
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TM^Slt  •  " 

LDCATI  U  ♦  Dii^rt,  73:  PRIN1  **  *; 

LOCATf  H  «  73 

DifltPtrX  ■  1 
ElO  IF 

IP  OllltPtrX  •  1  THEN 
DtsitftrX  ■  1 
ELSE 

PilitPtrX  •  OlfitftrX  •  % 

EW  IP 

LOCATE  U  •  0<n#trt.  72  *  OlfUKrX 

CASE  277  *lisht  •rroM  Mt  hit 
IP  HOT  NtWValX  TMEH 
HMtfalk  •  mui 

•  •  • 

lOarE  u  •  DiaftrX.  73:  MIINT  •  •; 

LOCATE  U  ♦  Oii^irX,  73 
DlfltPtrk  •  T 
EMO  IP 

IP  OlsItPtrk  •  6  THEN 
DigitPtrk  •  A 
ELM 

DlgltPtrS  ■  OlfltPtrX  «  1 
EIO  IP 

LOCATE  U  «  DliPtrX.  72  *  OlfItPtrt 

CASS  AS  TO  S7  'A  nuHMf  mm  Alt 
IP  HOT  HmVbIX  then 

HMValk  ■  rilC 

Tai^alS  •  ■  • 

LOCATE  U  «  DitftrS.  73:  NIHT  •  •; 

LOCATE  U  «  Oii^trt.  73 
OlfitPtrk  ■  1 
EMO  IP 

HtDS<T«^«iS,  OlfilPtrS,  1}  •  CHn<K«yValX) 

COLON  1,  7:  LOCATE  U  ••  Ofi^trX,  73:  PNIHT  TaiapValS 
COLON  7,  1 

IP  OlgltPtrt  •  6  THEM 
OlgitPtrt  •  6 
ELSE 

OI|ltPtr«  •  BiiftPtrS  »  1 
EMO  IP 

LOCATE  U  «  Dli#trX.  72  ♦  OlgitPtrS 

CASE  46  '0«eiaal  point  mm  Nit 
IP  NOT  MoHVaLX  THEM 
HoMValX  •  TRUE 
TaaipValS  •  «  ” 

LOCATE  14  ♦  Oli^trX.  73:  PNIHT  ■  ■; 

LOCATE  U  «  0(i#tn,  73 
DlgitPtrX  •  1 
END  IP 

IP  HaocOoclMlX  THEM 
Haa^acliMlX  «  PALSE 

MIDSTTai^alS.  DIsItPtrX.  1)  ■  CHtKKavValXl 
COLON  1,  7l  LOCATE  14  *  DlaNtrX.  73:  PIINT  TaofMalS 
COLOR  7«  1 

IP  OlgltPtrX  «  6  THEM 
OigItPtrX  ■  6 
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fist 

OteltPtrft  •  0<|it^trX  *  1 
END  IP 

LOCATE  U  «  Dli^trX.  72  * 
END  IP 
CASE  ELSE 
« 

'  ItnorN  all  other  ker* 


END  SELECT 
LOOP 


*  Mow  put  tho  eltorod  runert  bock  Into  thoir  proper  worlebleo. 
» 

petteTlael  ■  VAL(ParemS<1)) 

HiiiPtoS  «  VAl<P«rM>S(2» 

SUrtTeapl  •  VAi(P«rimS(3)) 
tP  PiinpoS  PMCM 

iathTMpi  ■  VAL(ParM»S<i>l 
liMer‘»eLer>i  ■  VAL<Pereaoi(5» 

ELSE 

Anperepol  ■  VAL(PerMS<i)) 

TtwOfApplicotlonl  ■  VAL(P»raMt(S)) 

LonlnTeetAroel  •  VAL(PerMef<A)) 

END  IF 

CLS 

END  SUE 


AJI  Errermi  (UIINiaa,  lEUX) 

END  sm 


SUE  PorwtttrIngPUH  (VolueS.  NuiPleeeoX} 

I 

*  Thie  eutewtlne  will  flud  fomet  the  nmter  In  VelueE  to  ilu#lacesX 

*  deciMl  pieces  by  Pllllni  with  estre  tereee. 

DecLeet  •  IHITKVsIimE,  ■.•) 

IP  DecLocX  •  0  THEN 

VelueE  •  VelueE  •  ♦  STtlnaiNutf tecesE.  *0*) 

ELSE 

VelueE  «  VelueE  •  STRIHGEduiPleceeX  •  (LEN(ValueE|  •  OecLocX),  **9*] 
END  IP 

END  SUE 


SUE  GetKeystroM  (KeyVelX) 

« 

*  This  ti^reutlne  usee  the  mxrrs  Pievtlen  to  gst  e  keystroke  frea  the 

*  keybeerd.  If  the  key  eande  en  extended  cede,  200  vlU  be  added  to 

*  KeyVeIX.  lefer  to  epperdU  A.1  of  the  OuiekEASlC  leforerce  Neruol  for 

*  a  coaplete  lilt  of  seen  codes. 
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Aotwart  S  (MCtYt 

DO  IMCU  LfM(An«Mrt)  ■  0 
An»«Mr«  •  INKErt 
109 

IF  LEN(*mM»r«)  ■  2  THEN 

KvyV«lX  ■  UC(RIUTt(«mMtrS.  1))  *  200 
ILK 

K«yv«lt  ■  UC(AmtMrft) 

lie  IF 


END  tUi 


SJD  PlotTrml»nt  (Otvictf rlvtriMMt.  0«v(e«liaMt.  NIC),  Tl(>) 

*  This  Meroutina  Mta  le  the  Mtt  and  iabaU  ter  •  trantlant  piet  end 

*  genaraLM  tha  (ranafant  cirva.  Othar  routlnaa  aust  ba  cal  lad  to  add 

*  transianta  and  «id  tha  ;raph. 

'  Thla  aubroutina  raqulraa  linking  ufcH  tha  CEOCIkF.LII  library  in  enter 

*  to  uaa  tha  gr^teing  routinaa  that  ara  eallad. 


*  tnitlalizatien  aaquanca 
$ 

'CALL  LoadDrivarlDavIcadaMOrlvarf,  tCRM) 
IF  Iim  <  0  THEM 

CALL  CrrerdagCI,  lEin) 

EMIT  9LM 
EMO  IF 

'CALL  InitFtotlOavicaMaawl.  0.  iCRRS) 

IF  lem  «  0  THEM 

CUL  Error«lagt2.  lERfX) 

EMIT  SUi 
END  IF 

'CALL  StarthlMlO.  lEttX) 

IF  (Elis  <  0  THEH 

CALL  Erraniag(3«  lERRX} 

CXIT  BJf 
END  IF 


*  Sat  tha  aiia  of  tha  plotting  araa  big  anough  to  wrlta  tha  labaU 

I 

'CALL  aatvIa^ortlO,  01,  01,  II,  11} 

'CALL  aatviaupertlO.  .15,  .0625.  .95.  .8125)  'craataa  an  a”i6*  plot  araa 


EMC  tUi 


lUR  SaiactHaatXfar 
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*  This  tiiireutira  altoM  th«  ustf  to  dtfint  tho  hoot  tronofor  valun 

*  lor  tho  vorteuo  rogiono  of  tho  thorwcoivlt 


*  Oofino  aoHi  of  tho  ttringo  for  vorlouo  ortoo 

Jifvttent  •  CMf(t74)  »  OMfin)  *  CHn<179) 
Aroo2t  ■  QMft(l«e)  »  tTlllttSCU.  209) 

ArooJt  •  CMa(2t6>  «•  STKillCS(29.  209) 

ArooAt  •  CMS(181)  *  tTRlllGS(7,  196) 

■  locks  «  STRIIIGS<6.  177) 


*  Rut  up  dlogrut  of  thorMOceuplo 

t 

LOCATf  2,  II:  mUT  :Hlt(l7V>l  LOCATI  I,  Ut  PtlNT  CMli(17T> 

LOCATE  2,  M:  MIET  CECt<17V)i  LOCATE  2.  M:  nlNT  CHM(179> 

LOCATE  2,  U:  niAT  llockE 

LOCATE  J.  12:  PEUT  CHEKITVI  •  •  •  Aretl*  •  AriAU  •  AtmLA  ♦  Hock* 

LOCATE  5,  70s  PtUT  CKRAI1761  ♦  CH«E(I7») 

LOCATE  4,  12:  PklAT  CkHTTTO)  •  Dl«*(47):  LOCATE  4,  1$:  MINT  C1«*(T7») 

LOCATE  4,  10:  niAT  CHkUTTV):  LOCATE  4,  M:  HlkT  CHkMTTO) 

LOCATE  4,  AS:  HUNT  lloCkA 

LOCATE  >,  10:  nikT  JurvcIonS:  LOCATI  S,  IS:  PtlkT  CMMITE) 

LOCATE  1,  M:  miaT  catsdT?):  locate  i,  M:  PtlkT  caatdTPi 

LOCATE  A,  12:  PtlkT  CkMCITO)  •  Cklt<n):  LOCAn  A,  IS:  PtlkT  CkUTITV) 

LOCATE  A,  SO:  PtlkT  Can<179):  LOCATE  A,  AO:  PtlkT  CkttCITt) 

LOCATE  A,  AS;  PtlkT  tlockt 

LOCATI  7,  12:  PtlkT  CHIt(179)  ♦  «  ♦  Iriklt  ♦  AreASt  •  Arik4E  ♦  tlockt 

LOCATE  7,  70:  PtlkT  CHtt(l7AI  «  Clltt<T7A) 

LOCATE  8.  12:  PtlkT  CkttdTO):  LOCATE  I,  IS:  PtlkT  CkttdTt) 

LOCATE  S.  M:  PtlkT  CMEtllTt):  LOCATE  S.  AO:  PtlkT  CkttdT?) 

LOCATE  t.  At:  PtlkT  Ilockt 

LOCATE  0,  S:  PtlkT  "Jonetlon*:  LOCATE  8,  23:  PtlkT  "Artk  2* 

LOCATE  8,  41:  PtlkT  Vm  S>|  LOCATE  8,  AT:  PtlkT  >Artt  4* 

LOCATE  t,  III  PtlkT  'Arck  1’ 

LOUTE  II,  30:  PtlkT  "kMt  Trkrtfcr  Ittlont* 

« 

*  put  Up  tha  tfsrloua  hMt  trwwftr  eoaffldant*  alanf  with 

•  dncrlpciona  of  toch  oroo 

t 

LOCATE  12,  S:  PtlkT  •tkglon*:  LOCATE  T2,  73:  PtlkT  “Vkluk" 

LOCATE  IS,  5:  PtlkT . .  LOCATE  13.  72:  PtlkT . 

LOCATE  14,  S:  PtlkT  -JuKClon  (teflon  of  tho  noldl" 

LOCATE  IS,  S:  PtlkT  ■Aroo  T  (o«i»ood  kin  noAt  to  Juwtien)* 

LOCATI  lA,  Si  PtlkT  "Aroo  2  (Inkulttod  kir#  IntlOo  th«  toot  oroo)" 

LOCATI  17,  St  PtlkT  "Aroo  3  (Irtjlttod  kiro  ootoldo  tho  toot  oroo)" 

LOCATI  18,  S:  PtlkT  "Aroo  4  (oapoood  kIro  noit  to  roloroneo  ju«tion)“ 

LOCATE  It,  23;  PtlkT  OkltCIOl)  "  ITIIkliS<34,  20S>  •  Cklt(1B7) 
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LOCAU  20.  25:  MIIT  CNM(lM);  TAt(S4);  -Typletl  Valum**;  CNRtn66) 

lOCATl  21.  25:  MIIT  CMM<ia6);  «  Air*;  TASISO);  *  1*5  ■;  C«S<186) 

LOCATI  22.  25 

NIHI  ClItKIM);  -  Floytn*  Air*;  TA»(S0>;  *  2-100  ■;  CM»<1B6) 

LOCAre  23.  23 

PRINT  CtWKitt);  *  Flouino  y«ttr*;  TAICSO);  *20-5000  CHRXIBO) 

LOCATI  2A.  23:  PRINT  CMn<20Q)  «  rRING$(5A.  205)  «  CH*t(ie8): 


*  Stuff  initial  valuM  into  tbo  vorioua  ortoo  and  put  th«a  on  tNo  aeraan. 

I 

Jw«tlanNTI  •  AO 
AraolMTI  •  40 
Arao2NTI  •  40 
AraaSHTi  ■  S 
AraaAHTI  •  5 

ToapAd)  •  lTtlM<S1tt(JunctianirTI)) 
rt^(2)  •  LTRim(IT>f(AraalMTI)) 

Ta«p0(3)  •  lTRlHt4S1RS<Araa2MTI)) 

T«^(4}  •  irR|H»<STIt<Arra5NTI)) 

Tanv«<5)  •  LTRIW($TU(Aroo4HT<» 

FOR  1  ■  1  TO  S 

IP  IHiTRCTaUpOd),  •.*)  •  0  THIN 
Taid«<l}  •  TaaipAd)  ♦  *.0* 
fNO  If 

OacLoeX  ■  INSTR(Ta*pl<l).  «.*> 

ftSCt  HMCXfarSd)  •  MIDA<laiN>B(I).  1.  DocLocX  ♦  1) 

LOCATE  15  ♦  I,  72:  PRINT  HaotXfartd) 

NEXT  I 


Put  ^  a  lafand  and  peaitlon  to  tap  oF  Hat 

( 

COL«  1,  7:  LOCATE  23.  27:  PRINT  *  -  *  CHR»<27)  ♦  CHR1(26)  *  «  •  ♦  CNRSCZA); 
PRINT  CNt»(25)  *  SPACEA(IO)  »  ■f1«  Accapt  *; 

COLOR  1.  7:  LOCATE  U.  72:  PRINT  HaatXfarKDt  COLOR  7,  1 
LOCATE  14,  78,  1,  15.  13 

OiaPtrX  «  1 
DiflitPtra  •  7 
KayVatX  ■  0 
NawValt  •  PAl« 

NaatfaciwIX  •  TRUE 

00  UNTIL  KayValX  ■  259  'Until  F1  it  Hit 
CALL  OatKarttrokalKavValXl 

SELECT  CASE  NayValX 

CASE  272  *  Up  arrow  waa  hit 

NaadDaeloaiX  •  TRUE 
IP  NawUalX  THEN 

HaatXfarSIDia^trX)  «  LTRIKSETaiipValS) 

Na^alX  ■  FALSE 

Ta^alS  a  ■  a 

END  IP 

COLOR  7.  1:  LOCATE  13  •  DiidtrX.  72:  PRINT  NaatXfarS(Olii^trX) 

IP  DiidtrX  a  1  THEN 

OiidirX  a  5 
ELSE 
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Oii^irX  •  Oii^trl  •  1 
EIC  it 

DtgitPtrk  •  7 

can  1.  7i  LOCATE  IS  •  DWtrX.  72:  PtlHT  NMtXf«r«(Ol^trl) 
can  7.  It  LOCATE  IS  ♦  Dlii#trX,  78 

CASE  280  *  Down  arrM  mi  hit 

HMtflMiMlX  •  TlUi 
IP  MwValX  TNill 

HMUftrSLDIi^trX)  •  lTIIM<T«^a(t) 

NMValX  •  FALSE 

TaapVatS  •  •  * 

Eao  IF 

can  7,  It  LOCATE  IS  «  OlaPtrX,  72:  Mill  HaatXfarSlDintrX) 
IF  DintrX  •  S  TirEM 
0<i#trX  ■  1 
ELSE 

Dii#trX  •  DlntrX  *  1 
tm  IF 

OliltPtrX  •  7 

can  1,  7t  LOCATE  13  »  Oii^trX,  72:  MINT  HaatlfarKDia^trX) 
can  7,  ft  LOCATE  IS  »  OliPtrX,  78 

CASE  278  'Laft  arrow  waa  hit 
IF  MOT  Aa^alX  THEM 
NawValX  •  TIUE 
TaWalt  ■  ”  ■ 

LOCATE  IS  *  OmtrX,  72:  MINT  * 

LOUTE  IS  ♦  OlaPtrX,  72 
OiiltPtrX  •  I 
END  IF 

IF  OltItPirX  •  t  THEM 
OioiC^CrX  ■  1 
ELSE 

OiileAtrX  •  OlOltPtrX  •  1 
END  IF 

LOCATE  IS  «  Dii^rX,  71  ♦  OlfiCFtrX 

CASE  277  *RiEht  waa  hit 

IF  NOT  laWValX  THEN 
NawNalX  ■  TRUE 
ToiVValS  •  ■  •• 

LOCATE  IS  *  DitflrX,  72:  MINT  •  ■; 

LOCATE  IS  «  DliPtrX,  72 
DigitPtrX  •  1 
END  IF 

IF  DlflltFtrX  •  7  THEN 
OlgitFtrX  »  7 
ELSE 

OlgitFtrX  ■  DIgItFtrX  *  1 
ENO  IF 

LOCATE  1S  •  Oli^trX.  71  *  OlgitFtrX 

CASE  48  TO  S7  *A  rMter  waa  hit 
IF  NOT  NawNAiX  THEN 
NawValX  •  T«JE 

Tai^all  •  ■  " 

LOCATE  IS  «  OmtrX,  72:  MINT  •  ■; 

LOCATE  IS  *  Dll^rX.  72 
OlgitFtrX  ■  1 
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EHO  If 

NIOf<T«W«lt.  M  •  CNa»<R«yV«lt) 

COLCH  i«  7t  loare  u  •  m  mint 

coioi  r«  1 

IF  OlottPtrS  •  7  THEN 
OfiUFtrl  ■  7 
ELSE 

OiflUFtrS  -  Oi«UFtrX  *  1 
END  IF 

LOCATE  15  *  Ofi^trt,  71  •  OliUFtrX 

CASE  46  polnc  mm  hit 

IF  HOT  »MV«IS  THEN 
■«MValX  -  TMJC 
TMp^tlS  •  ••  •* 

LOCATE  13  «  Olf#tr%.  TZt  FtllTT  • 

LOCATE  15  *  Oii^trX,  72 
DiEltFtrS  •  1 
EDO  IF 

IF  NMdlMClMlX  THEM 

•  VALSS 

HIOSClMpVAlS.  DtglTFtfX,  1)  •  CmSCKtyValX) 

COtOi  1,  7t  LOCATE  13  ♦  01i^cr««  72:  MINT  TMpValS 
COLOl  7,  1 

IF  OlgUFtrS  •  7  THEN 
DfoftFtrS  •  7 
ELSE 

DigItFtrX  ■  OlfUFtrX  *  1 
END  IF 

LOCATE  13  «  Oti^trS,  71  «  DIgllFtrS 
END  IF 
CASE  ELU 
« 

*  linort  all  oth*r  kayt 


END  SELECT 
LOOP 

JuvtienMTi  •  VALLNaatSfarSCD) 
ArwINTI  •  VM.<NMCSlarS(2» 
ArM2NTI  •  VAL(HwtSfari<3>} 
AraaSMTI  ■  VAL(Hntlf«rS<4)) 
ArMLNTi  •  WU.<N8atlf«rS<S» 

CLS 

EMD  ail 


Sm  S«l«ctMotfal 

*  Thft  Mbroutlnt  alloM  tKt  uaar  to  Mtaet  th«  eorract  Mt  of  proporfioa 

*  for  mcN  of  eht  aatala  uaod  to  a«kt  up  a  ttMinaeeoLpU  t>po  by  Mlaet<no 

*  tba  doafrM  tharnocouplo  cypt.  ThtM  preportlot  aro  ehoriMl  eonductWIty 

'  |K)«  apoclflc  hoal  (Cp),  lamlty  («ho),  and  rooliiWlty.  TNoir  voIum 

*  Mart  oxtraetod  frea  m  ASTM  labit  for  thonBMi«aoot  aatoriala.  Tbo  wltt 

*  laad  In  thia  |xo^«  for  ttMoa  proportlat  ora  tiatad  balM  and  Includa 

*  tha  eenwaralon  foetora  to  eonvart  fro«  ASTM  wilta. 

(  Cofwaralon 
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Property 

Propren  Unite 

A8TN  Unite 

Feeter 

K 

iTU*ft/hr*ft“2*F 

eene 

n/e 

Cp 

STU/lb»*F 

cel/t-C 

1.0 

the 

lb/ft-5 

lh/1n*3 

1720.0 

retitt 

ofwi'ln 

QfiMi*eii 

0.5937 

*  Put  UP  MlMtlon  iwnj 
COlOa  7,  1i  CL8 

lOCATt  S,  ZTi  Ptur  n«l«ct  Thtraoctt^it  Type* 

LOCATE  4,  S4:  PtlMT  -I.  Typ*  J* 

LOCATE  5,  54:  PtIET  -2.  Typi  K” 

LOCATE  6,  S4>  PttMT  «3.  Typ*  |« 

LOCATE  r«  S4]  PtlET  *4.  Typ*  T* 

LOCATE  9,  52:  PttNT  -Entt^  Choice:*; 

tfoHdChelcoX  •  FALSE 
DO  UNTIL  VilldCholcoX 
Unamrt  •  IHKETS 
DO  MILE  LEHCAntuorS)  >  0 

AnOHOrS  •  iMcrrs 

LOOP 

IF  VAKAnouort)  >•  1  AND  VAL(Ano«orf)  <■  4  THEII 
LOCATE  9,  46:  PftINT  AnoworS 
VoHdChoieoE  a  rtUE 
TCTypoE  •  VAL(AnwarS) 

ELSE 

LOCATE  11,  20:  PSIHT  •Set  •  voUd  M(oct1cn.  Plooot  try  osoln.*; 

» 

*  NOW  put  cho  ittorod  ruSbor*  bock  Into  thotr 

FOt  I  a  1  TO  10000:  NEXT  I 
LOCATE  11,  20:  PtIST  SPACSt(SO) 

ElO  IF 
LOOP 

I 

'  For  now,  wo  ooouw  the  Imulotion  It  the  imo  for  oil  typoo 

* 

KInoull  a  .15 
Cpinoull  a  ,5 
Ehotnoull  a  aoi 

iMulTNIckf  a  .015625  M/64  Inch 


*  Got  the  correct  let  of  proportiet  for  the  teloetod  thonaocouple 
$ 

SELECT  CASE  AneworS 

CASE  M"  Mype  J 
CPeel  a  39.2 
CpPcel  a  .107 
RhoPotl  a  .204  •  17201 
tetPoed  a  9.6700000000000010*06  ■  .3957 
CMepI  a  12.2 
CpNes*  •  .094 
ShoNesl  a  .322  •  17201 
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■  .OOM489  •  .19S7 

CASt  'Tvp«  r 

I9MI  •  11.1 

CpPMl  •  .107 
RhoAMl  ■  .31}  *  17281 
tMA0«i  •  .0000706  •  .3937 
KHcfll  •  17.2 
CpHtfl  ■  .12S 
llho6«gt  «  .311  *  17281 
R««ii«g9  •  .0000294  •  .3937 

CAtt  "S'*  'Typa  I 

KPmI  ■  11. t 
CijPmI  ■  .107 
RtM^I  «  .313  •  17281 
iMPoti  ■  .0000706  *  .3937 
KII«9<  ■  12*2 
CpN««l  •  .094 
«ho«««l  •  .322  *  17281 
RcsM«6  >  .0000489  *  .3937 

CASt  "4»  'Typ*  T 

K7m<  •  2181 
CpPMl  •  .092 
thoAosI  •  .322  •  17201 
RmPoM  •  .0000017249  •  .3937 

Kkn'  •  12.2 

CpN*9l  «  .094 
RhoNtgl  •  .322  •  17261 
Rt«Mc«9  •  .0000489  •  .3937 

END  tfllCT 


EMO  SM 


SUi  raxiwwiana 

*  rhU  lUbroutfrw  aUom  th«  v»«r  to  8tf1n«  tK«  dimmlona  Qf  th« 

*  th«mecoupi«  ce  t»  aedtltd. 

* 

*  Rut  tA«  diMfwion  optleriA 

LOCATE  13«  29:  NUT  *'Tharaoe«^l«  OiMmiom* 

LOCATf  14,  S:  NUT  LOCATE  U,  72:  NUT  "Value* 

LOCATE  13,  3:  NUT . .  LOCATE  15,  70:  NIITT  . . 

LOCATf  16,  5:  NllfT  "Tolal  Langth  pf  Tliafiiocoupl a  Includini  Eattnilon  yfraa 
NUT  "(inehaa)” 

LOCATE  17,  5:  NUT  "Langth  of  lara  Uira  Hast  to  Junction  (Inehoc)" 

LOCATE  16,  3:  NUT  *LangUi  of  iart  Wire  Maat  to  Rtftrtnct  JiAWtion  (tnditf)" 
LOCATE  19,  8:  NUT  "Olaoattr  of  U(r«  Ixcluding  (naulatlon  ftndies)* 

LOCATE  20.  3:  NUT  ‘OiiNtor  of  Juvtion  (inchaa)* 


*  Rut  tiia  dofaulta 

f 

ArtilLanI  ■  .03125 
Area4Lanl  •  .3 
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TotaiLanl  •  96 
WirtflMl  ■  .006 

Juvtior6)iMil  ■  .0125 

COLM  1,  7:  LOUTE  16,  7Dl  MliT  Ullail  "tM.taMT*;  TatalLtnl;  csiai  7,  1 

ioc*ri  17,  TO:  p«i»i  ufiw  "mt.mmr-:  »rt6inni 

LKATi  It,  70:  mat  uttac  -aai.aatai*;  arMtiini 

iXAii  It,  70:  mat  usias  -aaa.ataaa-;  uirioiiai 

LOUTE  M,  70:  PttaT  UliaG  “666. MMT-;  JunctlofCIWI 


:  Euc  up  8  l8p«nd  and  poattton  to  top  of  Hat 

» 

C0l«  I,  7:  LOCATI  25,  27:  MIMT  "  "  •  Cl«»<27)  ♦  CHn<26>  •  ■  -  •  ClM(24}; 
Mint  Ct*»»<25)  ♦  S6*CE»(10)  ♦  "FI*  Accipt  "J  I  C0t0«  7,  1 
LOCATf  16,  7B.  1,  15,  IS  '^Mltion  cursor  to  top  of  lUt 


*  Mow  lot  th««  cuotaoito  ttw  dlaonoiono 

f 

VolttrtnoS  ■  l.TltPi6Cfrit{ro*olL«rl)) 

CALL  ForaotttrinfMuMilVolltrlngS.  5) 

•ICT  TCOtastd)  •  Volttrlngl 

Vilftrir^  •  LTIIM(tTlt<AroolLonl)) 

CAU  ForMtStrin«iluH(VA(ttr(niS.  S> 

■SIT  TC9iMS<2)  ■  ¥o(Strtn«S 

VolStrlngS  •  lTRIMS<STH(ArooALOfll }) 

CALL  FormtStrinfllHMtVolStrinfi.  5) 

RUT  TCOiaoS(3}  •  ValltrfngS 

VolStrInoB  ■  lTRIMS($TISOiiraDlMl)} 

CAU  FeraotStrlnflhjMlVolStrtnsS,  5} 

HIT  TCDImS(A)  •  VolStrlngS 

VolStrlngf  ■  LT«IM(STtS<Ji/«tl«vOtMt)) 

CAU  ForvitSCrln^kMlVolStrinfS.  5) 

■SIT  TCOImSIS)  •  folStrinpS 

DIoPtrK  ■  1 
OlittFtrS  •  9 
KoyValX  •  0 
MowVAlX  •  FALSE 
ll••<fiocf■BlY  •  TRUf 

DO  UNTIL  KoyVolX  ■  259  'Until  FI  It  hit 
CALL  GoKoytirek»<K*yVolX) 

sum  CASf  Ktyvoix 

CASC  272  *  up  orrow  wot  hit 

■ooAtcliMlX  •  THUC 
IF  towVolX  T1C« 

TCDlBtS(OliiPtrX)  •  LT«IN9(Toi^tlS) 

NowVolX  •  Fust 
ToMpVAlt  ■  *  * 

EW  IF 

COCO*  7,  1j  LOCATI  15  ♦  Oli^trt.  70:  FtlMT  TC0ii»S<0l«»trX) 
IF  OiiftrX  •  1  TNER 
Oii^trX  ■  5 
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ElSf 

Oli^trf  •  B<i#trX  •  1 
ENO  IE 

OlfttPtrX  ■  9 

COlOi  1,  7t  LOCATE  15  «  Oll#trl,  TQt  EflMT  ICDllMS(Df^trXl 
COLOI  7,  It  LOCATE  15  *  Oli^trX,  78 

CASE  2S0  •  0«wi  arroM  wm  hit 

llMd)K{Rill  •  TAX 
IE  HmVaU  THEM 

TC0ivS(0ti#trt>  ■  LrEIM<T«npV«lt) 

MmVaIX  «  PALU 
TMpVllt  •  ■  * 

EHO  IF 

COLM  r.  It  LOCATE  15  *  Dl^trX,  70i  MINT  TC9l«iS<0li^trX> 
IF  Oli#trt  a  5  THEM 
DlRPtrX  •  1 
ELSE 

OiHFtrS  a  Oli#trX  «  1 
INO  IF 

OlflltFtrX  a  0 

OOLOt  1,  7t  LOCATE  IS  ♦  Oii^trX,  TQt  MINT  rCDlMS(0li#TrX) 
COLOI  7,  It  LOCATE  15  *  Ol«»trX.  78 

CASE  775  arrcM  mm  hit 

IF  NOT  NmVaIX  TNEH 

N«»MalX  a  nUE 

TaupValS  a  a  a 

LOCATE  15  *  Oll^trX,  69t  MINT  •>  ■; 

LOCATE  15  a  Dl^trX,  69 
DIsftFirX  a  1 
END  IF 

IF  OlfitftrX  a  1  THEN 
OloltMrX  a  1 
ELSE 

OlfltftrX  a  OlfItftrX  *  1 
ENO  IF 

LOCATE  IS  a  OfiFtrll,  89  *  OlfltMrX 

CASE  777  «lifht  arroH  ma  flit 
IF  MOT  NMMVatX  THEN 
HmNaIX  a  TAX 
TMpValS  a  a  a 

LOCATE  IS  a  Oii^trX.  89:  MINT  a  a. 

LOaTE  IS  a  DiiAtrX.  89 
DlgitPtrX  a  1 
EM)  IF 

IF  OifiCPtrX  a  9  TKEN 
OisitPtrX  a  9 
ELSE 

DialtPtrX  a  OilltPtrX  *  1 
ENO  IF 

LOCATE  IS  a  Oli^trX.  89  a  Oi«itPtrX 

CASE  48  TO  57  *A  njiter  mm  hit 
IF  NOT  NaMVAtX  THEN 
N«wVl(X  a  TAX 

TMtFVNlS  a  a  a 

LOCATE  15  a  70i  MINT  ■  •; 

LOCATE  IS  a  Bii^trX.  70 
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Dilit^trH  •  1 
EMO  ir 

NIOS(T«vVBlt.  Dlglt^trX*  1)  •  CUtdCcyVall) 

COLOi  t,  7:  LOCATE  15  ♦  Dli^CrX.  7Di  MINT  TwpVait 
cocci  7,  1 

II  OlgitPtrS  •  9  THEN 
DIaitPtrX  ■  9 
ELSE 

OlfitMrt  ■  OigitttrX  *  1 
CNO  II 

lOCATC  15  *  Oil^trX.  69  ♦  OlgItPtrX 

CASE  46  *l>MiMl  point  mo«  hit 
II  NOT  NowValS  TICN 

NMlWilX  ■  TMC 
Taiiptfolt  •  •  • 

LOCAH  15  •  OliPtrX,  70:  MINT  "  •; 

LOCATE  IS  *  Dli^trX.  TO 
DigItPtrX  -  1 
END  II 

II  NmCDmImIX  TIEN 
HOMfttclMlX  •  lALtE 

HIDXTanpMaLt,  DlgltPtr^,  1)  •  CMRXIKoyVilX) 

COCO!  1,  7l  LOCATE  IS  «  Dfl#trX,  TO:  MINT  TMpVolt 
COLON  7»  1 

II  OlgItPtrX  •  9  THEN 
OlfitPtrX  •  9 
CLU 

OlgItPtrX  •  OlgItPtrX  *  1 
EHO  II 

LOCATE  15  •  OitftrX.  69  ♦  OlgItPtrX 
ENO  11 
CASE  ELSE 

t 

•  ignort  oU  othor  k«y« 


END  SElia 

LOOP 

'  Non  put  th«  oltorod  nuMr*  bock  Into  thoir  prepor  vorlabloo. 


TotaUonl  •  NAL(TCDImI(1)) 
ArMiLwiI  •  ¥AL(rC0iMt(2)> 
AroaUari  •  ¥AinC0lMS(3)) 
WIroOlMl  •  WAL<TCOlMt(4)> 
Junetlor«lMl  >  VAL<TC0l«S(5)l 

CIS 

ENO  SUN 


SUO  yrltaModolTolIlt 

f 

'  TUI*  •ubroutln*  nrltM  (It  of  tho  uoor  uCoctid  poroiolori  for  tho  dots 

>  to  0  fllo  Ihot  eorroopondo  to  to  tho  dolo  fito.  Doto  filoo  liovo  tho 

>  oalonolon  ^OT  ond  ondol  ftloo  Kovo  lOo  ntorolon  .Wl 
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OMN  ril  iniBit  *  •.101“  rot  OUTPUT  AS  fi 

Pt]MT  f1,  TAS<19>;  *Thit  InTenvtion  uA«d  (o  AlMuiat*  ih«”; 

IF  PiirttS  TNCM 

PSINT  f1,  •  tMt* 

ELSi 

MINT  «1.  •  LCU  tMl" 

END  IF 

MINT  f1.  lU(SO);  *fOhm  In  *;  UCASESCFlImMS);  >.OAT« 

MINT  t1,  :  MINT  f1. 

IF  THypaS  •  1  THCN 
Typtf  •  "J* 

PoANatAlS  ■  •Iren* 

Ne^tTelS  ■  •Comtvxen* 

ELtflF  TCTypeX  •  2  THEN 

Types  •  •V* 

PeMetelS  *  •ChroMl" 

■•^telS  •  •AliJnl* 

ELSEIF  TCTypaX  •  9  THEN 
Types  •  -E- 
PeeMeteiS  ■  ■QiroMl* 

Ne#«telS  •  •CarAtanten** 

EISCIF  rCTvprt  •  4  THEM 
Types  ■  •T“ 

PttMtalS  •  •Copper* 

Ne^telS  ■  "Conetvicen** 

END  IF 

PMIMT  PI,  TAI(30);  •Thernoco^e  Typei  •;  TypeS 
MINT  ft.  I  MtilT  f1. 

MIMt  f1.  TAfCES);  "Ptifyeical  Prepertlee  of  Theraoeleeiente'* 

MINT  f1. 

MINT  f1.  •  Physical  Property-;  TM(25>;  PoeMctalS;  TM(40); 

MINT  i1.  MesNetalS;  TAICSS);  •Irwulatlon” 

MINI  i1,  . . ;  TAt<29};  STNINCl<LEM(PooM#talS), 

MINI  f1,  TM(40>;  $TNtNCS<LEN(NesHetalS),  "-•)i  . . 

MINT  f1« 

MINT  f1.  •IhanMl  Conduce Ivlty*;  TAKZS); 

MINT  f1.  USim  "fff.M  Sdf.M  Mf.ff;  KPoat .  KMefl,  Ktrsull 

MINT  f1,  -Specific  Neat-;  TAI(2S); 

MINT  ft.  USIHC  "f.MM  •.Mff  f.MM-;  CpPoel.  CpHosl.  Cplneull 

MINT  f1.  -Density-;  TM(2S); 

MIMT  f1.  USING  -ffif.f  MiM.i  MM.r*;  IhoPoel.  NhoHefl.  Rholnaull 

MINT  f1.  -tnlatWIty-;  TAI(2S); 

MINT  f1.  UtlMQ  -f.ffflfffff  •.MaNMPff  NesPoof.  ResNeef 

PtIMT  f1.  S  MINT  i1. 

MINT  f1,  TM(32);  -Canf  IpiratlQn  Date” 

MINT  ft. 

MIMT  f1,  -Description*:  TAI(72);  -Value- 

MIMT  fl,  . . ;  TAIITO):  * . • 

MINT  fl.  -Vire  Olaevter  (Inches)*;  rAKM): 

MINT  fl.  USIHC  *  fff.ffff-;  UlreOlaail 

MINT  fl.  -Jtfvcicn  Olaapter  (Inches)*;  TAf(70); 

MINT  fl.  USING  *  fff.fMff*;  Jw«tiorClanl 
MINT  fl.  •Insulation  Ihickneee  (Inches)*;  TAI(70); 

MINT  fl.  USING  *  fff.ffff-;  InauITtilcfcl 

MINT  fl.  -LoMth  of  Sere  Wire  Nest  to  Jwwtion  (Inches)-;  1AM(70); 

MINT  fl.  USING  •  fff.ffff”:  AroalLvl 
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MIMT  fl,  n«nfth  of  Urt  Wirt  NtK  to  Itftrtnct  Junction  (incHot)*;  TAIiTO); 
WIMT  f1,  \nm  •  ArttALtnl 

niiiiT  #1,  *TotBl  of  Thtroocouplt  (inc^M)'*;  fAftCTO); 

PlltMT  fl.  UllliG  -Mit.M  •{  lottlltnl 
NIMT  91 « 

MINT  91,  *Mttt  Trmftr  CotfficftnC  at  Jicwtlen*;  TAtcn)); 

MINT  91,  UtINO  *9999.99  •;  JvrctlonNTI 

MINT  91,  "Moot  Trontfor  Coofffcitnt  in  Arto  1";  TAI(7D); 

MINT  91,  USINC  -9M9.99  •;  ArooiNTI 

MINT  91.  Moot  Trontftr  Cetfficiont  In  Artt  2”;  TAI(70); 

MINT  r,  UtIMG  *9999.99  Ar«N29Tt 

MINT  91,  "Mot  Trtntftr  Cotfflelont  In  Aroo  3";  TA9(T0); 

HINT  91,  USING  *«MHt.99  *;  ArMSiTI 
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END  IP 

CLOSE 
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APPENDIX  C 

Aerospace  Applications  of  Thermocouple  Response  Time 
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TTie  tollowtng  report  la  documentation  of  a  formal  survey  completed  for  AEDC  to  ensure  that 
there  Is  a  viable  need  for  LCSR  in  the  aerospace  community. 
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SUMMARY 

This  report  presents  the  results  of  a  technical  survey  conducted  to  establish  that  there  Is  a 
valid  need  in  the  aerospace  Industry  for  a  capability  to  measure  the  response  time  of 
thermocouples  as  installed  in  operating  processes.  This  sun/ey  has  provided  objective  evidence 
to  iustHy  the  continuation  of  a  Phase  II  project  being  conducted  by  AMS  under  the  Small  Business 
Innovative  Research  (SBIR)  Program  for  AEDC.  The  project  is  concerned  with  adaptation  of  the 
Loop  Current  Step  Response  (LCSR)  technique  for  in-situ  measurement  of  response  time  of 
thermocouples  in  aerospace  applications.  The  project  has  been  approved  and  work  was  initiated 
and  continued  until  November  1 988  when  the  need  for  this  survey  was  identified.  The  survey  was 
completed  In  May  1989  with  ovenwhelmingly  positive  results.  Consequently,  AMS  is  requesting 
that  the  project  be  continued  to  completion  as  was  originally  proposed. 

This  report  also  presents  a  demonstration  of  work  which  has  been  completed  at  AMS  to  verify 
that  small  current  levels  can  be  used  to  perform  the  Loop  Current  Step  Response  (LCSR)  test. 
This  point  Is  addressed  in  direct  response  to  a  recent  concern  expressed  by  AEDC  with  respect 
to  high  current  levels  (up  to  5  amps.)  that  have  been  used  in  the  past.  We  have  shown  that  with 
proper  analog  and  digital  signal  conditioning,  the  LCSR  test  is  feasible  with  current  levels  of  less 
than  0.5  amps. 
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1.  INTRODUCTION 


Phase  I  o1  the  SBIR  program  regarding  the  determination  of  Instalied  thermocoupie  time 
response  has  been  successfully  completed  by  AMS  and  the  resulting  report*''  has  been  published 
by  AEDC.  A  follow-on  Phase  II  research  program  was  approved  and  work  was  Initiated  and 
continued  until  November  of  1988,  when  AEDC  requested  a  validation  of  the  need  for  this 
technology  in  the  aerospace  community.  The  validation  has  been  successfully  completed  as 
reported  herein. 

The  validation  process  involved  contacting  about  50  technical  personnel  in  the  aerospace 
community.  Personnel  contacted  were  from  government  facilities  and  the  aerospace  industry.  In 
addition  to  telephone  responses,  a  survey  package  was  mailed  to  all  who  were  contacted.  A 
review  of  the  recent  literature  in  the  area  of  time  response  of  thermocouples  has  been  completed 
In  addition  to  the  survey. 


2.  TELEPHONE  SURVEY 


An  effort  was  made  to  identity  the  individuals  who  might  have  an  interest  In  the  time  response 
of  thermocouples.  We  contacted  several  major  aerospace  organizations  and  governmerrt 
laboratories  involved  in  aerospace  and  instrumentation  work.  A  list  compiled  for  us  at  AEDC  was 
the  best  source  of  knowledgeable  people  we  could  find  and  it  was  used  extensively.  Several  who 
were  contacted  had  worked  in  the  technical  area  several  years  ago  and  now  hold  management 
positions.  All  of  them  were  positive  about  completion  of  the  work,  but  passed  the  survey  along 
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to  people  in  their  organization  who  were  currently  active  in  related  technical  areas.  Only  one 
individual  indicated  that  he  was  not  interested  in  seeing  the  work  compieted.  His  reason  was  that 
he  had  not  found  thermocoupies  useful  in  his  work  which  was  very  high  temperature  where  the 
thermocouple  would  melt.  Otherwise,  the  telephone  sunrey  was  overwhelmingly  positive. 


3.  WRITTEN  SURVEY 


All  individuals  contacted  by  telephone  were  sent  a  written  survey  package  to  assess  whether 
they  believed  the  LCSR  technique  was  feasible,  had  promise  in  aerospace  applications,  and  had 
any  application  in  their  current  work.  A  summary  of  the  response  to  the  various  questions  along 
with  individual  comments  is  given  in  Appendix  At.  Highlights  of  the  summary  Include  the 
following; 


•  95%  of  the  respondents  believe  that  in*5itu  measurement  of  thermocouple  time 
constant  offers  improved  accuracy. 

•  95%  of  the  respondents  believe  that  the  Air  Force  needs  to  be  Involved  with 
this  type  of  study. 

•  65%  of  the  respondents  Indicated  that  they  knew  of  a  specific  application 
where  the  LCSR  technique  might  prove  valuable. 

•  90%  of  the  respondents  recommended  that  the  Air  Force  should  complete  the 
program. 


Two  of  the  written  responses  are  discussed  below  in  more  detail. 


Mr.  Gus  Fralick  of  NASA-Lewis  Indicated  that  "the  LCSR  technique  was  rejected  in  a  study  by 
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Pratt  &  Whitney"**.  Dr.  W.  S.  Johnson,  a  Professor  of  Mechanical  and  Aerospace  Engineering 
and  a  consultant  to  AMS,  has  reviewed  the  reports  In  question  and  has  indicated  that  the 
objective  of  the  Pratt  &  Whitney  study  was  to  develop  a  high-temperature,  fast  response  probe, 
while  the  LCSR  technique  Is  for  measurement  of  the  time  response  of  existing  thermocouples. 
His  report  to  AMS  is  given  in  Appendix  B1.  We  contacted  Mr.  Fralick  on  June  5.  1989  by 
telephone  and  discussed  the  results  of  our  review  of  his  reports.  He  agreed  that  there  are 
aerospace  applications  where  LCSR  has  a  good  place  In  spite  of  ttte  work  that  has  been 
completed  at  Pratt  &  Whitney. 

Mr.  Brian  Bennett  of  McDonnell-Oouglas  Aiicraft  was  especially  positive  regarding  the 
completion  of  the  research  project.  He  indicated  that  he  Is  currently  involved  in  similar  efforts  to 
measure  thermocouple  response  time  In-situ  for  use  in  the  development  of  a  transient  enthalpy 
probe  fdr  AEDC.  A  summary  of  the  enthalpy  probe  concept  and  its  relation  to  the  LCSR 
technique  is  given  In  ^pendix  Cl. 


4.  UTERAIURE  SURVEY 


Based  on  our  review  of  the  available  technical  IKerature,  it  Is  apparent  that  more  future 
research  efforts  will  be  undertaken  in  the  area  of  thermocouple  dynamic  response.  The  ever¬ 
present  need  for  better  Information  to  allow  closer  tolerances,  higher  performance,  safety,  and 
quality  Improvements  require  more  reliable  data  and  tighter  specifications,  which,  in  turn  depend 
upon  proven,  reliable  data.  A  sample  of  information  from  literature  follows. 

•  Gray  and  Thompson*^,  state  that  There  is  a  dear  need  for  measurement  of  the 

time  constants  of  typical  thermocouples  over  a  wide  range  of  experimental 
conditions."  They  reported  success  using  a  technique  similar  to  the  LCSR  for 
application  of  temperature  measurement  in  the  ignition  of  combustlbte  material. 
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Johnson  and  Stainback^  have  measured  the  rapidly  varying  temperature  of 
temperature  Ironts"  in  a  cryogenic  wind  tunnel  due  to  the  injection  of  liquid 
nitrogen.  They  made  use  of  a  hot  wire  type  resistance  thermometer  for  the 
measurements. 

Ladson  and  Kilgore"  discussed  instrumentation  for  calibration  and  control  of 
a  continuous  flow  wind  tunnel  and  Indicated  a  specific  need  for  a  thermocouple 
with  known  rapid  response  time. 

Glawe  and  Holanda*^  have  reported  an  extensive  study  to  determine 
thermocouple  time  constants  for  gas  flows  using  conventional  techniques.  They 
have  provided  empirical  equations  to  predict  time  constants  in  terms  of 
thermocouple  size  and  flow  conditions. 

Warshawsky"  has  indicated  from  results  of  his  work  at  NASA-Lewis  that  there 
are  instances  in  cryogenic  engineering  where  the  time  constants  of 
thermometers  must  be  known.  He  has  noted  that  too  fast  of  a  response  in 
some  eases  is  dangerous.  It  is  better  to  use  thermometers  with  moderate 
response  times  (but  measure  the  response  time  and  correct  from  it)  than  to  use 
a  fast  thermocouple  wifli  a  negligible  response  time.  This  is  because  the  output 
of  very  fast  thermocouples  is  accompanied  by  extraneous  high  frequency  noise. 


The  text  of  the  above  papers  are  available  at  ^S. 


5.  PERSONAL  COMMUNICATIONS 

At  the  1989  ISA  Aerospace  Division  Symposium  held  in  May,  1989  in  Orlando,  Florida,  an  AMS 
paper  entitled,  "In-SItu  Response  Time  Testing  of  Thermocouples""  was  presented  based  on  the 
work  completed  during  the  program  to  date.  At  least  1 0  persons  present  at  the  symposium  were 
personalty  asked,  and  all  responded  positively  to  the  work  and  the  need  for  Its  completion.  Of 
particular  note  were  discussions  with  Dr.  Bob  Moffat  and  Dr.  Bob  Abemethy,  both  of  whom  were 
present  for  the  presentation  and  were  positive  about  the  usefulness  of  this  project  and  the  need 
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in  the  aerospace  industry.  Dr.  Moffat  Indicated  that  the  worit  should  be  completed  noting  that  the 
cost  was  small  compared  to  the  potential  benefits.  He  pointed  out  that  the  technique  may  not 
work  for  perforated  thermocouples  but  will  work  for  other  types  of  thermocouples  in  use  In 
aerospace  applications. 


6.  POTENTIAL  AEROSPACE  APPLICATIONS 


Some  specific  potential  applications  of  the  LCSR  technique  for  aerospace  work  that  we  have 
uncovered  are  given  below; 


Jet  Engine  Testing: 

•  During  engine  throttle  transients,  thermocouples  are  used  to  monitor  the  gas 
temperature  to  enable  gas  properties  to  be  tracked  and  to  determine  the 
condition  of  the  air  supplied  to  cool  the  turbine  blades.  Mr.  Jerry  Wood  of 
Pratt  &  Whitney  Aircraft  is  currently  working  on  specific  techniques  to  measure 
the  response  time  of  these  thermocouples  in-situ  and  feels  that  the  LCSH  test 
has  a  good  potential. 

•  Several  respondents  referred  to  a  situation  that  occurred  several  years  ago 
involving  gas  ingestion  from  fired  rocket  motors  by  the  engine  inlet  as  an 
application  where  the  LCSR  technology  could  have  been  valuable  had  it  been 
available  at  the  time. 


Rocket  Engine  Testing; 

•  There  is  a  current  test  program  involving  solid  rocket  motors  and  there  is 
general  agreement  that  the  quality  of  the  available  data  base  Is  inadequate. 
Most  of  the  thermocouples  of  interest  are  buried  in  the  solid  fuel  and  the  time 
response  Is  not  known  in-eitu.  Neither  is  the  quality  of  the  bond  between  the 
thermocouple  and  the  solid  fuel.  The  following  people  specifically  mentioned 
this  as  an  application  for  the  LCSR  technique:  J.  L.  Howard  of  Boeing 
Aerospace  who  Is  currently  involved  in  the  project,  Steve  Lanius  of  Morton- 
Thiokol  who  worked  on  an  earlier  phase  of  the  problem  and  Joe  Zimmerman 
who  is  the  technical  monitor  for  the  contract  at  NASA/MSFC. 
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MIsceHaneous: 

•  An  application  that  we  had  not  considered  previously  was  suggested  by  Dr. 
Peter  Dean  of  Lockheed.  They  are  interested  in  the  quality  of  the  bond 
between  a  thermocouple  and  structural  member  so  that  the  thermocouple 
output  is  indicative  of  the  temperature  transient  of  the  member  itself  when  it 
is  exposed  to  high  energy  transient  flows.  Once  installed,  the  thermocouple 
Is  burled  within  the  member  and  not  available  for  Inspection.  A  technique 
such  as  LCSR  could  be  used  to  verify  the  continuing  Integrity  of  the  bond. 
This  application  also  relates  to  the  solid  rocket  motor  testing  as  described 
above. 

•  Several  other  applications  were  mentioned  by  respondents.  They  include 
wind  tunnel  use,  verification  of  mathematical  correlations,  testing  of  thin  film 
heat  transfer  probes,  aerodynamic  measurements,  etc. 
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APPENDIX  A1 

Summary  of  Survey  Results 
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SURVEY  RESULTS 


Response  Time  Testing  of  Thermocouples 
(SBiR  Phase  II  Project  for  AEDC) 


June  1  ■  1 969 


1 .  The  purpose  of  the  survey  was  to  determine  If  there  is  adequate  technical  interest  in  the 
aerospace  community  to  merit  completion  of  the  project. 

2.  The  survey  was  done  by  mailing  a  questionnaire  to  individuals  suggested  by  AEDC  and 
a  few  other  technical  individuals  in  the  aerospace  community.  The  questionnaire 
consisted  of  ten  general  questions.  The  participants  were  provided  with  a  technical 
paper  about  the  project  and  were  asked  to  complete  and  return  the  questionnaires  to 
AEDC. 

3.  Twenty*two  people  returned  the  questionrtaires  (more  than  50%  of  those  surveyed 
responded  by  returning  the  questionnaire).  The  results  are  summarized  in  three  tables 
given  in  the  next  few  pages. 


Page  1  of  6 
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TABLE  1 

SURVEY  RESULTS 


Questions  Asked 

RESPONSES 

Do  you  believe  that  in-situ  measurement 
of  thermocouple  response  times  offers 
improved  accuracy  over  bench  tests? 

Positive 

95% 

Nsoative 

5% 

No  Rasoonse 
0 

Do  you  believe  that  the  Air  Force  should 
encourage  research  efforts  in  the  area  of 
thermocouple  dynamic  response? 

95% 

0 

5% 

To  what  extent  do  you  think  that  a 
development  such  as  the  LCSR  technique ' 
can  benefit  the  Air  Force  and  other 
aerospace  activities? 

85% 

5% 

10% 

Do  you  have  or  know  of  any  current  or 
anticipated  appGcations  where  the  LCSR 
technique  might  prove  valuable?  If  so, 
please  describe. 

65% 

35% 

0 

if  this  prolect  should  result  in  an 
instrument  that  can  be  purchased  to  peiform 
the  LCSR  tesL  do  you  think  that  there  would 
be  any  interest  in  the  aerospace  industiy? 

90% 

5% 

5% 

if  you  anticipate  a  need  for  a  LCSR  instrumeriL 
do  you  have  any  recommendations  on  how  the 
instntment  may  be  configured  or  any  spedal 
specifications? 

N/A 

N/A 

N/A 

Based  on  the  information  offered  herein, 
do  you  recommend  that  AEDC  complete  ttie 
project  to  develop  the  LCSR  method  for 
aerospace  and  other  applications? 

90% 

10% 

0 

is  it  likely  that  this  capability  would 
find  application  elsewhere  in  addition  to 

AEDC? 

90% 

5% 

5% 

Do  you  know  of  any  other  efforts  that  have 
been  made  to  iden^  the  response  times  of 
thermocouples  in  aerospace  or  other  applteations? 

N/A 

N/A 

N/A 

AdditionaJ  Remarks  (if  any) 

30% 

0 

70% 

Page  2  of  6 
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TABLE  2 


Name  Affiliation  Remajits 


G.  Fraiick  NASA-Lewis  Suggested  looking  into  work  done  by  Pratt  &  Whitney. 

R.  Wakefletd  NASA-Ames  negative  response 

8.  Henson  NASA<MSFC  The  LCSR  method  would  prove  valuable  because  certain 

test  programs  in  turtxxnachlneiy  and  engine  chambers  require 
temperature  measurements  of  high  ’response'  characteristics. 
SRM  and  SSME  NCE  examples,  both  cyrogenic  and  high 
temperature  ranges.' 

1  don't  know  about  AEOC,  but  Marshall  Space  Flight  Center 
would  probably  have  applications  for  this  thermocouple 
cailbralion  technique.' 

S.  F.  Edwards  NASA-Langley  The  LCSR  technique  can  benefit  the  Air  Force  and  other 

aerospace  activities  by  more  accurate,  better  prediction  of 
actual  thermal  measurements.' 

The  IjCSR  method  would  prove  valuaUe  In  aerospace  wind 
tunnel  temperature  measurements.' 

K.  Daiyabeigi  NASA-Langley  ’Funding  of  any  viable  method  of  determining  In-situ  response 

times  of  thermometers  is  recommended.' 

'NASA  Langley  is  interested  In  this  appUcation.' 

R.  Jacobs  AFWAL  The  LCSR  technique  can  benefit  the  Air  Force  and  other 

Wright  Patterson  aerospace  activities  by  rapid,  in-service  operation  and 

recallbratlon.' 


R.  McKenzie  NASA-Ames  No  significant  commanis,  although  answered  positively  to  all 

questions 

J.  Zimmerman  NASA-MSFC  The  LCSR  technique  has  the  potential  for  verification  of 

dyrtamic  sensor  response  for  correlation  to  mathematical 
predictions.' 

The  LCSR  technique  could  have  been  valu^3(e  to  verify 
proper  Installation  of  thermocouples  In  Sofid  Rocket  Motor 
Nozzle  applications  (Intimate  surface  contact).' 


continued  on  next  page 
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PaiTteiDant 


Name 

AfflBation 

Remarks 

A.  Luper 

NASA- WSTF 

'Any  facility  making  dynamic  temperature  measurements, 
under  difficult  conditions  could  use  this  (technique].' 

E.  R.  Subbarao 

Lockheed 

The  aerospace  community  would  benefit  greatly  from  the 
LCSR  techniqua' 

1  foresee  the  ability  for  use  (of  this  appTicatlon)  in  any 
thermocouple  application.' 

E.  Pauly 

General  Electric 

The  LCSR  technique  would  have  been  useful  in  the  past 
during  F-18  Inlet  teinperature  distortion  flight  tests  to  evaluate 
time  response  of  inlet  measurements.' 

R.  Oieck 

Pratt  &  Whitney 

The  LCSR  technique  can  benefit  the  Air  Force  and  other 
aerospace  activities  in  temperature  measurement  involving 
aerot^nainlc  studies.' 

J.  Wood 

Pratt  &  Whitney 

The  LCSR  technique  can  benefit  the  Air  Force  and  other 
aerospace  activities  by  Improvements  in  low  cycle  fatigue  and 
transient  operation  of  jet  engines.' 

The  LCSR  technique  would  prove  valuable  in  transient 
measurement  of  turbine  blade  cooling  air  and  thermal  spike 
measurement  of  jet  engine  rocket  gas  Ingestion  and  rocket 
engine  ignition.' 

J.  L  Howard 

Boeing  Aerospace 

The  testing  of  solid  rocket  motor  nozzles  and  materials 
requires  Infoedding  thermocouples  in  the  composite  material 
matrix  to  measure  temperature.  This  Information  is  used  to 
determine  thennal  stress,  recession  rate  and  other  model 
parameters.  Accurate  work  requires  response  time  data* 

'1  recommend  that  AEDC  complete  the  project  especially  if 
the  work  can  be  related  to  thermocouples  Imbedded  In  solid 
materials  (as  apposed  to  being  inserted  in  fluids).' 

P.  Dean 

Lockheed 

The  LCSR  technique  can  benefit  the  Air  Force  and  other 
aerospace  activea  by  validation  of  structural  thenmal  response 
of  transient  high  energy  flows.' 

B.  Bennett 

McDonnell  Douglas 

The  LCSR  technique  would  have  significant  benefit  to  the 

Air  Force  and  other  aerospace  activities.* 

The  LCSR  technique  might  prove  valuable  to  the  USAF  AEDC 
Transient  Enthalpy  Probe.' 


continued  on  next  page 
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Participant 


Name 

AffWation 

Remarks 

M.  Langley 

Garrett  Engine 
Division 

This  (LCSR  technique)  could  be  a  significant  aid  in  transient 
testing.' 

C.  wakins 

EG&G  Idaho 

The  LCSR  technique  provides  a  highly  useful  technique  for 
rintn  that  cannot  be  reliably  obtained  by  other  methods.' 

D.  Pitts 

UnIv.  of  Tena 

This  (thermocouple  dyrramic  response  research)  is  essential 
to  improved  experimental  work  in  high  speed  gas  flow.' 

'It  would  appear  that  the  LCSR  technique  affords  an  excellent 
approach  to  knprovement  in  accuracy  of  transient  temperature 
measurement* 

A.  E.  Arave 

EG&G  Idaho 

'Many  installations  should  use  this  technique  (over  the  bench 
tests).' 

S.  Vosen 

Sandia  Nat’l  Labs 

'(The  LCSR  technique)  has  the  capability  of  increasing  the 
efficiency  cf  etqrerimenters  by  identifying  problems  and 
calibrating  without  disassembly  of  experiments.' 

1  think  that  this  method  would  also  be  useful  in  the  calibration 
and  testing  of  thin  film  heat  transfer  probes.* 


*1  would  think  that  any  erperiment  that  has  thermocouples 
Imbedded  in  a  large  devise,  or  has  an  inaccessible 
thermocouple,  would  ben^  from  this  method.  Even  where 
measurements  are  being  made  of  steady  state  temperature, 
this  method  could  be  used  to  test  the  operadon  of  the 
thermocoupie.' 

T.  Wang  Thermo  Electric  Ca  '(This  method)  would  be  beneficial  far  those  who  need 

accurate  data  obtained  under  actual  operating  corrditions. 
It  would  save  the  expenses  in  building  equipment  In  the 
laboratory  to  simulate  actual  conditions.' 
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TABLES 

SURVEY  PAffnClPANTS 


Government  Facilities 


Name 

AfflilatiQn 

Title 

1. 

G.  Fr^ck 

NASA-Lewls 

Engineer 

2. 

R.  Wakefield 

NASA-Ames 

Asst  Branch  Chief,  Thermophysics  Facilities 

3. 

B.  Henson 

N>^A<MSFC 

Engineer 

4. 

S.  F.  Edwards 

NASA-Langley 

Head,  Thermal  Inst.  Section 

S. 

K.  Daryabeigi 

NASAJ^gl^ 

Aerospace  Tecfmologist 

6. 

R.  Jacobs 

Wright  Pstt 

Electronics  Engineer 

7. 

R.  McKenzie 

NASA-Ames 

Research  Sctendsi 

& 

J.  ZImmemnan 

NASA-MSFC 

Supervisory  Electronic  Engineer 

9. 

A  Luper 

NASA-WSTF 

Electrical  Engineer 

- 

Aerosoace  Industrv 

10. 

E  R.  Subbarao 

Lockheed 

Research  Scientist 

11. 

E.  Pauly 

GE 

Manager,  Separable  Instrumentation  Engineering 

1Z 

R.  Diecfc 

Pratt  &  Whitney 

Senior  Project  Engineer 

13, 

J.  Wood 

Pratt  &  Viftiitney 

Engineering  Specialist 

14. 

J.  L  Howard 

Boeing 

Principal  Engineer 

IS. 

P,  Dean 

Lockheed 

Research  and  Development  Scientist 

16. 

B.  Bennett  . 

McDonnell 

Douglas 

Senior  Engineer 

17. 

M.  Langley 

Garrett  En^^ne 
Divisbn 

Sr.  Data  Validity  Engkiear 

National  Labs  &  Universities 

1& 

C.  Wilkins 

EG&G  Idaho 

Senior  Scientist 

19. 

D.  Pitts 

Unh/,  of  Term. 

Professor  and  Head 

Mechanical  and  Aerospace  Engineering 

20. 

A  E  Arave 

EQ&G  Idaho 

Engineering  Specialist 

21. 

S.  Vosen 

Sandia  Labs 

Technical  Staff 

22.  T.  Wang  Thermo  Elsctrtc  Manager  of  Thermornetry  Research 

Company 
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Evaluation  of  Pratt  &  Whitney  Report 
on  Thermocouples  for  NASA^Lewie 


THE  UNIVERSITY  OF  TENNESSEE 
KNOXVILLE 


AEDC>TR-91-26 


way  26,  1989 


TO:  H.  M.  Hashemian 


nCH:  Dr.  W.  S.  Johnscn 

Professor  of  Hechanical  Qigineering 


College  of 
Engineering 

Mechanical  and 
Aerospace 
Engineering 


SUBJECT:  Review  of  NASA  CR-ieS267  and  NASA  0^-179513 
with  specific  attention  to  how  they  relate  to  the  ICSR 
technique  as  prcposed  by  AH5, 

Per  your  request,  I  have  reviewed  the  above  reports.  It 
is  ny  understanding  that  Hr.  Fcalic  of  NASA  thou^xt 
that  this  work  had  evaluated  and  rejected  the  IISR 
technirjue.  This  is  not  the  case  at  all,  and  ny 
Gonclijsicins  are  briefly  sunnarized  belcw: 


Itae  cbjective  of  the  above  reports  was  to  develop  a  new 
hi^-teoperature,  fast  response  taperature  measurenait 
system.  Ihis  is  ccnpletely  different  frcm  the 
ci^ective  of  the  «p|d.i«3(tion  of  the  LCSR  technique 
vhich  is  to  evaluate  the  time  response  of  existing 
tenperature  probes  for  all  ranges  of  tenperature  and 
time  response. 


In  the  NASA  work,  an  effort  was  made  to  measure  the 
time  response  of  a  thermoooiple  using  a  pulsed  loop 
current  to  produce  a  periodic  tenperature-tlme  function 
halving  an  anplitude  of  500  K  and  frequencies  ^  to 
1000  Hz.  Difficulties  arose  in  the  feedback  control 
circuit  which  was  required  to  maintaun  the  desired 
tenperature  anplitude  and  in  the  switching  circuit 
lAilch  was  needed  to  produce  the  high  frequency  a£ 
pulses,  ihe  pulse  technicjue  was  rejected  due  to  the 
difficulties  of  circuitry  mentioned  above.  It  is  noted 
that  the  ICSR  technic^  does  not  use  a  pulsing 
technique  and  uses  a  single  step  of  lew  tenperature 
anplitside  so  that  these  criticisms  So  not  extend  to  the 
TCSR  technique. 

m  sunnary,  no  evidence  is  presented  in  these  r^jorts 
that  would  allow  cne  to  r^ect  the  USSR  technique  for 
the  measurement  of  time  response  c:f  existing 
tenperature  probes. 


414  Dougherty  Engineering  Building /Knoxville,  lennessee  37996-2210/(615)  974-5115 
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Review  of  Information 
About  Enthalpy  Probe 


AEDC-TR-gi-26 


May  31.1989 

TO:  H.  M.  Hashemian  / 

FROM:  Stan  Johns 

SUBJECT:  Review  of  the  "Enthalpy  Probe  report",  AEDC-TR-88-1 

The  enthalpy  probe  has  been  developed  to  measure  the  enthalpy  of 
high  temperature  plasmas  by  a  method  whereby  total  pressure  and 
mass  flow  rate  are  the  only  quantities  to  be  directly  measured 
and  the  resulting  enthalpy  is  calculated  from  these  values. 
Enthalpy  is  frequently  as  important  and  sometimes  more  important 
to  know  as  is  temperature.  Of  course,  if  accurate  speciric  heat 
values  are  known,  one  may  be  determined  from  the  other. 

The  probe  operates  by  pulling  a  sample  through  a  flow  channel 
where  it  is  cooled  and  it's  mass  flow  determined  by  pressure  and 
temperature  measurements,  which  are  used  along  with  the  total 
pressure  measurement  at  the  probe  inlet  to  determine  enthalpy. 
The  probe  is  swept  across  the  flow  channel  (rate  unspecified!  so 
that  all  measurements  are  made  under  transient  conditions, 
although  the  basic  equations  utilized  are  steady  state.  This 
necessitates  a  time  compensation  between  measurements  made  at  the 
inlet  and  exit  of  the  probe  to  eliminate  the  time  delay  effect. 

The  sonic  nozzle  concept  is  a  good  one  because  flow  rate  can  be 
determined  in  terms  of  only  pressure  and  temperature.  After  the 
stream  is  passed  through  a  heat  exchanger  and  cooled  down  to 
below  500  F,  a  thermocouple  is  used  to  measure  the  temperature 
and  a  standard  transducer  is  used  for  pressure  measurement. 

Of  particular  interest  to  us  is  the  method  of  determining  the 
time  constant  of  the  thermocouple.  The  technique  used  both 
empirical  equations  and  a  modified  LCSR  experimental  technique. 
Although  the  details  are  quite  sketchy,  the  procedure  involved 
heating  the  thermocouple  junction  with  a  power  supply,  then 
switching  to  the  data  recording  circuit  and  simultaneously 
switching  on  the  flow.  They  did  not  do  this  procedure  under 
actual  operating  conditions  because  the  time  available  was  too 
short  and  conditions  were  unsteady.  Tests  were  done  with  the 
thermocouple  mounted  inside  the  probe,  however.  They  have 
reported  good  agreement  between  this  technique  and  the  empirical 
information  to  determine  time  constants.  Using  this  information 
regarding  time  constant,  they  managed  to  compensate  the  probe  for 
the  time  delay  between  measurements  at  the  probe  inlet  and  exit. 

There  is  significant  uncertainty  regarding  the  accuracy  of  this 
probe  due  to  considerable  fluctuations  of  the  plasma  flow  when 
efforts  to  calibrate  the  results  were  attempted.  Also,  there  is 
no  standard  measurement  probe  currently  available.  About  all 
they  could  do  was  to  state  that  results  were  reasonable  based  on 
some  overall  projections. 


261 


AEOC-TR-91-26 


APPENDIX  D 

Field  Testing  o1  the  LCSR  Technique  for  Thermocouples 
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Enclosed  in  this  Appendix  Is  a  report  sent  to  the  Lockheed  Aeronautical  Systems  Company 
concerning  laboratory  and  field  teste  of  thermocouples  for  the  Solid  Propulsion  Integrity  Program. 
The  information  enclosed  herein  is  a  typical  example  of  an  application  for  thermocouple  LCSR. 
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ANALYSIS  AND 
MEASUREMENT  SERVICES 
CORPORATION 


9111  CROSS  PARK  DRIVE  NW/  KNOXVILLE.  TN 37923-4599  /  {615)  891-1756 


To:  ]>r.  Pater  Dean 

Lockheed  Aeronautical  Syatens  Company 

From;  Kent  X.  Petersen 

Date;  February  20,  1990 

Subject;  Laboratory  and  Field  Tests  of  Thermocouples  for  Solid  Propulsion 
Integrity  Program 


Analysis  and  Haasureoent  Services  Corporation  (AMS)  performed  response  tine 
tests  on  several  thermocouples  for  I,ockheed  Aeronautical  Systesu  Company,  These 
tests  were  performed  for  a  program  called  "Solid  Propulsion  Integrity"  sponsored 
by  NASA.  The  vork  described  In  this  report  pertains  to  the  use  of  thermocouples 
for  cranslent  temperature  measurements  laade  inside  the  nozzle  materials  used  In 
solid  fuel  rocket  engines.  The  purpose  of  these  tests  was  to  demonstrate  the 
usefulness  of  the  Loop  Currant  Step  Response  (LCSR)  method  for  In-sltu 
Bteasurements  of  thermocouple  response  time.  More  specifically,  Lockheed  is 
Intarasted  In  using  the  LCSR  method  as  a  means  of  checking  the  Installation 
Integrity  of  thermocouples  when  used  in  solid  material  before  and  after  high 
temperature  tests  of  the  material.  Furthermore,  Lockheed  is  interested  in 
response  time  estimates  for  the  thermocouples  while  the  test  of  the  solid 
material  Is  in  progress. 
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DESCRIPTIQS  0?  WORK 

Two  series  of  tests  were  perfomed.  The  first  tests  were  perfomed  at  AMS 
with  two  themocouples  provided  by  Lockheed.  These  tests  were  performed  to 
establish  the  capability  of  the  LCSE  method  for  measuring  the  response  time  of 
thermocouples  installed  in  the  nozzle  material.  The  second  series  of  tests  were 
performed  at  the  "Are  Jet  Facility"  of  NASA's  Marshall  Space  Fli^t  Center  in 
Huntsville,  Alabama.  At  this  facility,  the  solid  material  is  exposed  to  a  high 
temperature  using  an  Arc  Jet  facility.  The  purpose  of  the  tests  reported  herein 
was  to  verify  whether  or  not  the  thermocouples  remain  in  place  and  intact  during 
the  firing  process  and  to  obtain  an  estimate  for  the  response  times  of  the 
thermocouples  during  firing.  This  was  accosg>lished  by  making  response  time 
measurements  on  these  thermocouples  before  and  after  firing. 

The  results  successfully  demonstrated  the  capability  of  the  LCSR  method  to 
provide  useful  Information  about  the  Installed  response  characteristics  of  the 
thermocouples  tested. 


DESCRIPTEOH  OF  THE  LOSE  METEQB 

The  LCSR  method  involves  supplying  an  electric  current  through  the 
thermocouple  leads.  The  current  heats  the  thezmocovtple  to  an  elevated 
temperature  several  degrees  above  the  aid]ient  temperature.  The  heating  current 
is  then  stopped  and  the  output  from  the  thexmocouple  Is  monitored  os  it  cools 
back  to  Che  ambient  temperature.  This  cooling  transient  is  then  analyzed  to 
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Idancify  ch*  time  constant  of  the  thermocouple .  The  validity  of  the  LCSR  method 
for  in- situ  response  time  testing  of  installed  thermocouples  has  been  established 
by  AMS  under  a  project  for  the  U.S.  Air  Force  sponsored  by  Arnold  Engineering 
Development  Center  (AEOC) . 


lABORATORT  TESTS  AT  AMS 

Laboratory  tests  were  performed  on  tvo  type  K  grounded  Junction 
thermocouples  provided  by  Lockheed.  Both  themoeouplss  had  a  sheath  diameter 
of  0.020  inches  and  were  made  of  37  gage  thermocouple  wire.  Lockheed  also 
provided  a  test  fixture  of  "Carbon  Fhenollc”  material  approximately  3/4*  x  3/4” 
z  2  3/4*  as  shown  in  Figure  1.  This  block  is  a  section  of  a  larger  piece  which 
had  previously  been  exposed  to  a  hi^  temperature  on  one  surface  (indicated  by 
"Fired  Surface*  in  Figure  1>.^  This  high  temperature  exposure  resulted  in  two 
distinct  areas  of  material  separated  by  a  transition  zone.  Two  holes  had  been 
drilled  in  the  test  block  •  one  in  each  of  these  distinct  areas.  Hole  #1  is 
located  in  the  portion  of  the  block  away  from  the  fired  end  of  the  block.  Hole 
#2  is  located  near  the  fired  surface  of  the  block  in  the  area  of  the  block  that 
was  affected  by  the  elevated  temperatures.  It  was  also  noted  that  hole  #2  seemed 
rougher  than  hole  #1  upon  insertion  of  the  thermocouples .  The  two  thermocouples 
were  each  tasted  in  both  of  these  two  holes. 

The  two  thermocouples  were  tagged  LC#1  and  LC#2.  The  first  test  performed 
on  the  thermocouples  was  a  plunge  test.  The  plunge  test  is  a  direct  measiu'ement 
of  the  response  time  of  a  sensor  under  known  conditions.  In  this  test,  the  two 
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iua-wc  iMcoca* 


Flgurs  1.  Carbon  Phenolic  Test:  Fixture 
For  Laboratorj  Tests. 
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thaziBoeauples  vers  first  heated  above  room  temperature  axid  then  Inserted  Into 
room  temperature  air  flowing  at  approximately  3600  fpm  transverse  to  the  sensor. 
The  sensor  time  constant  was  determined  by  evaluating  the  time  for  the  response 
to  cover  63.2  percent  of  the  total  span.  Figure  2  shows  typical  plunge  test 
transients  for  both  thermocouples  tested.  The  purpose  of  this  test  was  to 
establish  the  relative  Intrinsic  response  times  of  the  two  thermocouples. 
Table  1  shows  the  results  of  this  test. 


Table  1.  Plunge  Test  Results  at  Room  Temperature 
Alt  Flowing  at  3600  fpm. 

Item  Tag  »  Time  Constant  fseel 

1  LC#1  0.6 

2  LC#2  0 . 6 


Next,  the  thermocouples  were  response  time  tested  In  each  of  the  two  holes 
In  the  teat  fixture  using  the  LCSR  method.  Testa  were  performed  with  the 
thermocouples  fully  Inserted  In  die  holes  as  well  as  withdrawn  approximately 
halfway  from  the  bottom  of  the  hole  to  see  how  changes  in  Installation  affect 
response  time.  Table  2  lists  the  results  of  these  tests. 


Table  2.  laboratory  LCSR  Test  Results 
Time  Constant  fsec) 


Tag  » 

Hole  *2 

LC#1 

14 

2 

Fully  Inserted 

11 

9 

Withdrawn  Halfway 

LC#2 

11 

1 

Fully  Inserted 

11 

3 

Withdrawn  Halfway 
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Figure  2.  Typical  Plunge  Test  Transients 

For  LC#l  (above)  and  LC#2  (below). 
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The  results  Indicate  that: 


1.  Both  theraocouplea  are  faster  in  hole  #2.  Hole  #2  is  the  one  with  a 
rough  surface  In  which  we  expected  the  themocouples  to  have  better 
response  tines. 

2.  The  response  tine  changes  with  insertion  depth  only  In  hole  #2.  This 
does  not  happen  in  hole  #1  because  the  heat  transfer  in  bole  «^1  is 
obviously  so  poor  that  it  does  not  sake  stuch  difference  how  deep  the 
thermocouple  is  inserted. 

3.  Hole  #2  is  probably  in  a  region  of  better  heat  transfer.  That  is,  the 
Carbon  fhenolic  material  may  have  loat  some  of  its  Insulation 
properties  after  it  was  fired  upon. 

Figure  3  shows  typical  LCSR  transients  from  tests  in  hole  #1  idiere  there  was 
no  significant  effect  due  to  insertion  depth.  Note  that  the  two  transients  decay 
at  appro xlnately  the  some  rate.  Figure  4  shows  similar  data  from  tests  in 
hole  #2.  The  large  difference  between  the  decay  rates  of  the  LCSR  transients 
Is  apparent  in  this  figure. 

Next  we  added  a  thermal  coupling  material  called  NEVER -SEEZ  to  hole  #2  prior 
to  inserting  thermocouple  LC#2.  The  purpose  of  this  test  was  to  demonstrate 
response  time  improvements  when  heat  transfer  is  Improved  In  the  hole. 
Never* Seez  has  excellent  heat  transfer  characteristics  (at  temperatures  below 
300* C)  and  is  sometimes  used  for  response  time  improvements  In  thermowells  of 
temperature  sensors.  The  results  of  tests  with  Never*Seez  (NS)  are  shown  in 
Table  3.  The  addition  of  Never-Seez  did  not  affect  the  response  time  of  the 
thermocouple  while  fully  inserted  in  hole  #2.  This  result  helped  verify  that 
optloaim  contact  between  the  themoeouple  end  the  bottom  of  hole  #2  was  obtained 
during  the  tests  without  Never*Seez.  There  was  an  improvement  in  the  response 
time  at  the  halfway  withdrawn  point  as  expected. 
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Lockheed  Lab  Tests 


0  5  10  15  20  25  30  35  40  45  50  55  60  65  70  75 

Time  (Seconds) 


Figure  3.  LCSR  Transients  For  LCifl 
Installed  la  Sola  #1. 
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Lockheed  Lab  Tests 


LC#lmHoIe#2 


Figure  4.  LCSR  Traoslencs  For  LCi^l 
Installed  In  Hole  #2. 
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The  casts  perfotned  in  the  labocatocy  demons  crate  Chat  Che  LCSR  results  ace 
a  good  Indication  of  Installacion  quality  of  Che  thcrmoeauples  and  the  heat 
transfer  character istlcs  of  the  material  in  contact  vlch  the  thexnocouple . 


Table  3.  Response  Tljaes  In  Test  Flztnxe 
Rich  and  Blthout  Rarer  Sees 
(Tag  #  LC  #2  in  Hole  #2) 


ff/9  PS 

ms. 

Fully  Inserted 

1.0 

1.0 

Vithdrawn  Halfway 

3.0 

0.6 

Teats  at  Marshall  Soaee  Flight  Center 
On  December  12  and  13,  I9B9,  Lockheed  performed  a  series  of  tests  at  the  Arc 
Jot  facility  of  Karshall  Space  Fll^t  Center.  One  of  the  five  tests  performed 
involved  placing  four  thermocouples  and  a  fiber  optic  ”ll^t  pipe*  based 
temperature  sensor  in  a  carbon  phenolic  test  block.  The  block  was  then  exposed 
to  the  high  temperature  of  the  Arc  Jet  idiile  temperature  data  was  acquired  from 
the  five  temperature  sensors .  AMS  performed  response  time  tests  on  Che  five 
thermocouples  before  and  after  firing  the  Arc  Jet.  These  tests  had  two  purposes. 
First  Co  compare  the  relative  response  times  of  the  four  thermocouples  and  second 
to  identify  any  change  in  the  thermocouple  response  times  as  a  result  of  Che 
firing  tests.  Figure  5  shows  the  2"  x  2*  x  1"  carbon  phenolic  material  In  which 
the  thermocouples  and  fiber  optic  sensors  were  installed.  Table  4  summarizes 
the  characteristics  of  the  thetmocouplas  idilch  were  used  in  this  test. 


276 


AEDC-TR-g  1-26 


AWS-DWC  THCOOSA 


Firing 

Surface 


c; 

e: 

e: 

B: 


End  View 


Figure  5.  Carbaa  Phenolic  Test  Block  For 
Tests  Ferfoxined  at  Marshall 
Space  Center. 
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The  four  ehemocouplas  vere  Installed  dry  (without  any  themal  couplant) 
into  their  respective  locations  In  the  test  bloelc.  AHS  then  performed  response 
time  testa  on  the  thermocouples  using  the  LCSR  method.  The  tests  were  performed 
on  the  bench  prior  to  placing  the  test  block  In  the  Axe  Jet  assembly. 


Table  4.  Tbermocooples  Used  for  Harshall 
Space  Flight  Center  Tests 


Junction 

Sheath 

Wire 

Location 

l£gs 

1 

Ta^  ♦ 

MSP  #1 

Tvoe 

Dla.  (Inchesl 

Size  fGase) 

Per  Pleura  5 

Grounded 

0.0200 

37 

1 

2 

MSP  #2 

Grounded 

0.0623 

30 

2 

3 

MSP  #3 

Insulated 

0.0200 

37 

3 

4 

MSP  #4 

Exposed 

0.0200 

37 

4 

Note:  The  light  pipe  thermometer  was  Installed  In  location  #5. 


The  test  block  with  the  thermocouples  was  then  placed  In  the  Are  Jet  test 
assembly  and  was  subjected  to  several  temperature  transients.  Transient 
temperature  data  from  the  four  thermocouples  and  the  light  pipe  was  acquired  by 
Xx)ckheed  personnel  during  these  tests .  Problems  ware  encountered  during  the 
firing  tests  with  the  signals  from  the  two  grounded  junction  thermocouples 
(MSP  #1  and  HSF  #2) .  The  problem  appeared  to  have  been  related  to  electrical 
contact  between  the  grounded  junction  thermocouples  and  the  test  block  as  well 
as  between  the  test  block  and  the  clamp  assembly  which  held  the  block  in  front 
of  the  Arc  Jet.  These  problems  did  not  affect  the  USR  tests  since  the  LCSR 
tests  were  performed  on  the  bench  without  grounding  the  block  Into  which  the 
thermocouples  were  installed.  The  fact  that  the  exposed  junction  thermocouple 
(MSP  #4}  did  not  eidilblt  any  problem  during  Che  firing  tests  indicates  Chat  Che 
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mcuurlng  Junction  of  the  thermocouple  was  not  In  contact  with  the  Inside  surface 
of  the  test  block. 

After  the  firing  tests  were  completed,  the  block  cooled  and  removed  from  the 
Arc  Jet  assembly,  AHS  repeated  the  1CS&  testa  on  the  four  thermocouples,  Tahla  5 
compares  the  results  of  the  pre  and  post-firing  response  time  tests. 


Table  5.  Fra-  and  Poat-Vlrlng  LGSR  Results 


Time  Constant  (seci 


Item 

le&Jt 

Fip-JJjAne 

Post.J!lrlna 

1 

HSF  #1 

13 

15 

2 

HSF  #2 

23 

IS 

3 

HSF  #3 

30 

26 

4 

HSF  e4 

31 

23 

With  the  exception  of  HSF  #4,  the  exposed  junctlen  thermocouple,  the  teat 
results  indicate  that  there  were  no  significant  changes  In  the  response  times 
of  the  thermocouples  as  a  result  of  the  firing  teats.  The  small  differences  in 
the  results  are  due  to  lepeatabillty  of  the  LCSR  test  and  slight  changes  in 
thermocouple  Installation  before  and  after  firing. 

The  exposed  Junction  thermocouple  (HSF  #4)  may  have  been  shifted  in  position 
In  the  test  block  between  the  pre  and  post-firing  tests.  Figures  6  and  7  show 
typical  LCSR  transients  for  both  pre  and  post-firing  conditions  for  two  of  the 
four  tharsiocouples .  This  includes  LCSR  data  for  thermocouple  dl  which  did  not 
experience  a  change,  and  thermocouple  #4  which  did  experience  a  change. 
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MSFC  Thermocouple  Tests 


Tag#MSF-l 


Tune  Seconds 


Figure  6.  ?re  and  Post-Firing  LCSR  Transients  For  MSF  #1, 
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MSFC  Thermocouple  Tests 


Tag#MSF-4 


Time  Seconds 


Figure  7.  Pre  and  Post-Flrlng  LCSR  Transients  For  MSF 
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Kaanonae  Mae  Rasglta  Poring.  Firing 

AMS  utilized  a  simple  theoretical  model  of  a  typical  thermocouple  to 
estimate  the  response  times  during  firing  conditions  of  the  four  thermocouples 
used  at  Marshall,  The  approach  vas  to  establish  Che  model  parsiaeters  baaed  on 
the  average  of  the  pre  and  posC-flclng  LCSK  results.  The  effect  of  the  elevated 
temperatures  during  the  firing  test  vaa  then  applied  to  Che  material  properties 
used  In  the  model  to  estimate  the  response  times  under  firing  conditions.  For 
Che  exposed  junction  thermoeot^le  (MSF  #4) ,  an  additional  adjustment  vaa  made 
CO  Che  model  to  account  for  radiation  heat  transfer  between  the  junction  and  the 
Inside  wall  of  the  test  block.  The  estimated  response  times  from  the  modeling 
effort  are  given  In  Table  6. 


Table  6. 

Response  Times  of  Thezmoeouples  at 
Firing  Conditions 

Item 

Taz  # 

Time  Constant 

1 

MSF  #1 

11 

2 

MSF  #2 

21 

a 

MSF  #3 

28 

4 

MSF  #4 

11 

SPtaCART 

Table  7  summarizes  Che  results  of  the  casts  performed  at  Marshall  as  well 
as  Che  modeling  results.  The  conclusion  is  Chat  except  for  thermocouple  #4, 
there  was  no  otajor  changes  In  response  times  of  Che  thermocouples  due  to  firing. 
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The  raapoQse  tine  estinetes  during  fixing  did  noc  shov  large  response  tine 
Inprovenents .  This  is  because  the  response  tine  of  thernocouples  in  well^nounted 
inatallaclons  such  as  the  one  used  here  is  prcdonlnetely  affected  by  the  heat 
Cxansfer  between  the  tfaemocouple  Measuring  Junction  and  vail  of  the  well. 
Therefore,  the  inprovenents  in  heat  transfer  at  hl^  tasqieraturas  in 
thernocouples  and  its  surrounding  naterlals  are  noc  large  enou^  to  show 
significant  response  tine  Inprovenents. 


Table  7.  Sunnary 


Time  Constant  fsee') 

Item 

Taa  » 

Purina  Firina 

roat  Firlpg 

1 

MSFWl 

13 

11 

15 

2 

MSS«2 

23 

21 

IB 

3 

HSFS3 

30 

2B 

26 

4 

Msm 

31 

11 

23 

CgREBAL  COSCUSIORS 


Our  general  conclusion  regarding  the  use  of  the  LCSR  netbod  is  that  the  nethod 
la  useful  to  Lockheed  In  the  following  areas; 


1)  To  neasure  the  relative  response  tine  of  different  types  of 
thernocouples  installed  in  the  nozzle  naterlal. 

2)  To  verify  that  themocouplea  are  properly  Installed  for  optlnun 
d^nanic  perf oznanca . 

3)  To  dcternine  irtiether  or  net  the  firing  or  other  tests  can 
change  the  bonding  of  the  thernocouples  wlA  the  nateriala  in 
which  they  are  Inbedded. 

4)  To  identify  changes  in  heat  transfer  properties  of  the  naterlals  that 
are  in  contact  with  thermocouples. 

5)  To  provide  baseline  data  required  to  estimate  Che  thexnocotiple 
response  tines  at  firing  or  other  process  conditions . 
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